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Design and Development of Base-Catalyzed Materials for 
Microelectronics Applications 
 
Andrew R. Dick, PhD. 
The University of Texas at Austin, 2016 
 
Supervisor:  Carlton Grant Willson 
Co-Supervisor: Christopher Ellison 
 
Most lithographic processes in the microelectronics industry rely on the use of 
processes catalyzed by photochemically generated acids. The generation of organic bases 
photochemically is much less common, but allows for design of new resolution 
enhancement techniques and packaging materials. 
The microelectronics industry has been able to continue its path toward smaller 
transistors for several decades, but recently 157 nm and EUV lithography processes have 
faced delays. Alternative strategies such as double patterning are now required to keep 
the pace of scaling and they greatly increase manufacturing costs. This dissertation 
discusses a resolution enhancement technique termed pitchdivision designed to extend 
193 nm lithography. This process depends on addition of a photobase generator (PBG) to 
commercial photoresists that enables printing of both positive and negative features, 
effectively doubling resolution. Using PBGs that require two separate photochemical 
events to generate base allows for improved image quality over standard PBGs. 
The use of PBGs in photosensitive polyimide packaging materials is also detailed. 
In packaging of integrated circuits, there is a need for an insulating material having low 
dielectric constant that provides support for the wires connecting the silicon chip to the 
 viii 
circuit board. Aromatic polyimides meet many of the integration requirements, and can 
be patterned using PBGs in a base-catalyzed process. However, the UV absorbance of 
such materials is too high for thick films. The fluorinated polyimide pyromellitic 
dianhydride-co-2,2’-bis(trifluoromethyl)benzidine (PMDA-TFMB) was therefore 
auditioned for this use. PMDA-TFMB was printed using 365 nm lithography using near-
UV PBGs and achieved resolution as small as 2.5 μm. This material was found to have a 
dielectric constant around 3.0, and a coefficient of thermal expansion of 6 ppm/K. 
Further work on the system sought to improve both material properties and 
lithographic patterning. The use of alternative monomers was explored. New PBGs 
capable of producing stronger amidine bases were also synthesized and used to cure 
PMDA-TFMB. 
Finally, the discovery of new catalysts for low temperature curing of polyimides 
is described. These materials include organic and inorganic salts that allow for the 
complete curing of polyimides below 200°C. The material properties of films cured with 
these catalysts are described. 
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Chapter 1:  Introduction to Photolithography 
BACKGROUND 
The first electronic general purpose computer was developed by the US Army 
during World War II. This device was known as the Electronic Numerical Integrator and 
Computer (ENIAC) and was originally created to calculate artillery firing tables.
1
 The 
ENIAC was extremely costly and required constant maintenance, but the advantages over 
mechanical computers were clear. A skilled person with a desk calculator could calculate 
a 60 second ballistic trajectory in about 20 hours. ENIAC could do the same calculation 
in 30 seconds.
1
 The real advantage to ENIAC, however, was that it was reprogrammable. 
This allowed it to solve problems far beyond ballistics calculations, including problems 
in aerodynamics, weather prediction, and reservoir simulations.
2
 It was even used in the 
first simulation work to determine the feasibility of thermonuclear weapons.
3
 
Despite the improvements over previous mechanical devices, there were 
significant issues with the ENIAC. Weighing in at 30 tons and spread over 1800 square 
feet, the device consisted of 17,000 vacuum tubes, 7,000 diodes, 70,000 resistors and 
10,000 capacitors all soldered together by hand.
4
 ENIAC consumed an enormous 150 kW 
of electricity while running and cost the equivalent of $7 million dollars after adjusting 
for inflation.
5
 Additionally, ENIAC was constantly experiencing vacuum tube failures 





Figure 1.1: Photographs of the ENIAC (US Army Photographs) 
The major improvement between the ENIAC and modern computers is the 
replacement of vacuum tubes with more reliable and energy efficient transistors. William 
Shockley, Walter Brattain, and John Bardeen of Bell Labs invented the transistor in 1947. 
Instead of using commonly available metal sulfide based semiconductors, they explored 
materials such as single crystal silicon. However, at this time silicon could not be 
produced in sufficient purity, so the silicon devices gave poor results.  
Shockley, Brattain, and Bardeen then began to explore using higher purity 
germanium as a semiconductor material to develop the first transistor.
7-9
 A transistor 
works as an electronic valve that controls the flow of electricity in a circuit. Figure 1.2 
shows a picture of the first transistor built by Bell Labs. In this device current flows from 
the left wire and out the right wire. The triangular material connecting the wires is made 
of semiconducting germanium. By applying a voltage on the top wire, the germanium 
becomes more conducting and allows current to flow through the germanium from left to 
right. These transistors could be made much smaller than vacuum tubes, required 
significantly less energy to operate, and were much less prone to failure. These properties 
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allowed the design of increasingly complex circuits presenting new challenges. For their 
efforts, Shockley, Brattain, and Bardeen received the Nobel Prize in Physics in 1956. 
 
 
Figure 1.2: The first transistor developed by Bell Labs
10
 
While transistors solved the problems associated with vacuum tubes, circuits still 
remained quite large as they consisted of a set of components such transistors, capacitors, 
and resistors manually soldered together. These large devices were difficult to mass 
produce and were therefore expensive and unreliable. The next step was developing a 
platform to combine all the discrete elements of a circuit into one integrated circuit. The 
invention of the integrated circuit (IC) occurred in 1958 and was separately discovered by 
two different researchers. Robert Noyce of Fairchild Semiconductor was awarded a 
patent, but Jack Kilby of Texas Instruments was the first to demonstrate a working 
device. It was not until 2000 that Kilby was awarded the Nobel Prize in Physics. 
Kilby’s original device consisted of transistor, capacitor, and resistor components 
all on a single piece of germanium. His idea came from the high costs associated with the 
 4 
Micro-Module program used at the time by Texas Instruments (TI).
11
 He later described 
his motivation: 
The cost analysis gave me my first insight into the cost structure of a 
semiconductor house. The numbers were high — very high — and I felt it likely 
that I would be assigned to work on a proposal for the micro module program 
when vacation was over unless I came up with a good idea very quickly. In my 
discouraged mood, I began to feel that the only thing a semiconductor house 
could make in a cost-effective way was a semiconductor. Further thought led me 
to the conclusion that semiconductors were all that were really required — that 
resistors and capacitors, in particular, could be made from the same material as 
the active devices. I also realized that, since all of the components could be made 
of a single material, they could also be made in situ, interconnected to form a 
complete circuit. 
 There were limitations with Kilby’s initial design, however. Though TI quickly 
commercialized the IC as the Type 502 IC, connections were formed manually using 
easily damaged gold wires. Fairchild Semiconductor corrected this problem by using 
vapor-deposited aluminum and isolating these connections with mechanically strong 
silicon dioxide.
12
 Fairchild marketed the first circuits using this fabrication technique in 







Figure 1.3: The original integrated circuit designed by Jack Kilby (Courtesy of Texas 
Instruments) 
The development of the improved integrated circuit by Fairchild led to the 
continued decreasing size of circuits. In 1965 Gordon Moore of Fairchild Semiconductor 
observed that the number of transistors in an integrated circuit was doubling annually.
14
 
At this time period, devices were still quite large with no fundamental physical limits to 
shrinking device size in the near term. Moore believed that the trend would continue, 
driven by a purely economic force. The cost to produce one patterned wafer of chips was 
largely fixed; increasing transistor density would allow for chips half the size (and cost) 
or with twice the computing power (at the same cost) of the previous generation. The 
initial trend was a bit optimistic, but Moore amended this observation in 1975 to 
transistor density doubling every two years.
15
 The trend has since become known as 
Moore’s Law and is not so much a physical law as an economic truth for the 
microelectronics industry that has continued to this day.  
 6 
 
Figure 1.4: Processor transistor counts approximately doubling each year following 
Moore’s Law. Moore’s initial paper (left)
14
 and data from 1971-2011 
(right).
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PHOTOLITHOGRAPHY 
The ability to keep pace with Moore’s Law is largely due to the ability to define 
features on semiconductors in a process called photolithography. From its Greek roots, 
photolithography literally means to write in stone with light, which in truth is not a bad 
description of the process. In this process light is passed through a photomask consisting 
of a binary design of transparent and opaque regions. The transmitted light then strikes a 
substrate (e.g. a silicon wafer) coated with a photosensitive polymeric material called the 
photoresist. Photoresist is so called because it is both photosensitive and resists etching. 
A chemical reaction then occurs in the exposed regions that changes the 
solubility. The exposed wafer is then submerged in a developer solution which 
selectively dissolves either the exposed (positive tone) or unexposed (negative tone) 
regions (Figure 1.5).  
 7 
After development the wafer is then etched. Areas still covered in photoresist 
resist the etching and remain unaffected. However, in the areas where the resist 
developed away, the etchant is able to attack the underlying substrate. This results in the 
transfer of the pattern from the photomask into the desired substrate. Finally, after the 
pattern has been etched to a desired depth, the excess photoresist is stripped away. 
Conductors, insulators or semiconductors can then be added to etched areas to build IC 
components. This entire process is then repeated up to 40 times in order to create all the 





Figure 1.5: Schematic of the photolithographic process 
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LITHOGRAPHIC RESOLUTION 
In photolithography, resolution is the smallest feature that can be patterned 
repeatedly and with acceptable quality.
17
 Further, the quality of the lithography is very 
dependent on the structure being printed. Essentially, the resolution is the smallest feature 
that can be printed that maximizes profits for the fab. This resolution, R, is defined by the 




                                                      (1.1)  
where λ is the wavelength of light used for the exposure, NA is the numerical aperture of 
the optics, and k1 is a lumped parameter describing everything else about the process 
such as the use of optical proximity correction, phase-shift masks, off-axis illumination, 
etc.  
 From equation 1.1, it is clear that smaller images could be printed if k1 and the 
exposure wavelength were decreased, or if the numerical aperture was increased. For 
repeating patterns, the k1 parameter has a fundamental limit of 0.25, though modern 
methods print at around 0.3-0.4, down from early values close to 1.0. The numerical 
aperture (NA) is the product of the index of refraction and the sine of the capture angle of 
light passing through the lens system. The NA of the lens has also changed substantially 
since the early exposure tools used; the earliest exposure tools operated at NA around 
0.28 while current tools operate at about 1.35. Figure 1.6 shows the lens stack of a 
modern exposure tool. The current theoretical NA limit using 193 nm immersion 
lithography is 1.44, which is the index of refraction of the immersion fluid (water). 
However, even higher index immersion fluids are still an area of research, though they 
have not been implemented due to purification and degradation challenges.
18
 The final 
parameter, wavelength, will be discussed as it relates to resist chemistry below. 
 9 
 
Figure 1.6: Photograph of a modern exposure tool with the lens stack visible.
18
 Copyright 
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EARLY PHOTORESISTS 
The changing requirements of a photoresist have led to the creation of many 
different resist chemistries since the 1950s. At their core, these materials must be both 
photosensitive and etch resist.  
The first photoresists were developed in the early 1950s and based on negative 
tone poly(vinylcinnamates).
19-20
 However, these materials had poor adhesion and were 
quickly replaced. The first commercially successful photoresists were produced by 
Kodak and sold as Kodak Thin Film Resist (KTFR). These resists consisted of partially 
cyclized polyisoprene and a bis(aryl azide) crosslinker. During exposure (typically g-line, 
436 nm) the aryl azide groups decompose to form reactive nitrenes (Figure 1.7). These 
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reactive species can then insert into the double bonds of the isoprene polymer forming 
aziridine bonds. As the bis(aryl azide) can form two nitrenes, it acts as a crosslinker and 
creates a negative tone resist. 
 
 
Figure 1.7: Mechanism of imaging in bis(aryl azide)/polyisoprene resists 
KTFR photoresist was the standard resist in the industry until the 1970s where 
feature sizes became less than 3 microns. The use of crosslinking in this resist began to 
create problems when narrower and narrower lines were printed. The solubility switching 
in this resist comes from the increase in molecular weight upon crosslinking. While the 
crosslinked areas prevent dissolution in the developer, they are still swelled by the 
developer. As the thin lines must expand but still remain adhered to the surface, a 
characteristic snaking pattern is observed in lines subjected to swelling (Figure 1.8). 
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Figure 1.8: Snaking observed due to swelling in negative tone resist features.
21
 Reprinted 
with permission from Willson et al. Copyright 1983 American Chemical 
Society. 
Also among the earliest resists were those based on novolac resin containing a 
diazonaphthoquinone (DNQ) additive (Figure 1.9). Novolac is a phenol-formaldehyde 
resin that resists etching in large part due to the aromatic groups present in the polymer. 
The acidic phenols are also retained in the final polymer structure, making the resin 
extremely soluble in aqueous base solutions such as tetramethylammonium hydroxide 
(TMAH). The addition of Lewis basic DNQ to the resin creates a network of hydrogen 
bonding that greatly reduces the solubility of the resin. At high enough loadings, the 
novolac becomes insoluble in TMAH. When exposed to UV light, DNQ undergoes a 
Wolff rearrangement that gives off nitrogen and forms a highly reactive ketene. 




 The resulting carboxylic acid, being acidic, is soluble in aqueous base developer 
and results in a solubility switch in the areas exposed to light.
23
 This makes novolac 
based resins positive tone resists and solves the swelling problem present in the negative 
tone crosslinking resists. 
 
 
Figure 1.9: DNQ/novolac photoresist chemistry 
DNQ/novolac was the standard photoresist used for manufacturing until the late 
1980s. The standard light source at the time was a mercury arc lamp. Over time the 
industry decreased the wavelength used for patterning from g-line (436 nm) to i-line (365 
nm), corresponding to bright peaks in the mercury emission spectrum (Figure 1.10). 
Printing at i-line instead of g-line decreased the minimum feature size possible by about 
20%, according to Rayleigh’s criterion. However, decreasing wavelength further became 
a challenge. As can be seen in the figure, the next logical wavelength would be around 
300 nm (mid UV). However, novolac is strongly absorbent at this wavelength, but 
considerably less so around 250 nm. A characteristic emission peak exists at 254 nm, so 
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the industry desired to pattern next generation devices at this wavelength. However, as 
can be seen in Figure 1.10, only a small number of 254 nm photons are generated relative 
to the much brighter wavelengths used previously. Patterning would require infeasibly 
long exposures using novolac based resists. However, the great etch resistance, aqueous 
base development, and relatively low cost allowed novolac resists to continue to be used 
in lower resolution applications. 
 
 
Figure 1.10: Emission spectrum of a high pressure mercury arc lamp. Reprinted with 
permission from Thompson et al.
24
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CHEMICALLY AMPLIFIED PHOTORESISTS 
The shift toward deep ultraviolet (DUV, such as 254 nm) wavelengths suffered 
from both a weak exposure source and the very high optical densities of novolac resin, 
DNQ, and DNQ photoproducts. The low source power meant that many fewer photons 
would be available for photochemical reactions. In the early resists the source was bright 
enough that one photon could initiate one reaction and the resist could still be printed in a 
reasonable amount of time. However, this was not the case for DUV where one photon 
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would have to trigger a series of chemical reactions if the resist were to be commercially 
viable. This concept is called chemical amplification and was already used in some 
negative tone resists based on radical crosslinking. However, the industry had just 
recently shifted away from the KTFR negative tone resists and was opposed to revisiting 
them due to their aforementioned swelling issues. 
Considerable work at IBM in the 1980s was devoted to developing chemically 
amplified resists (CAR). Initially, the work focused on depolymerization of polyacetals, 
but the most promising work was based on protected poly(4-hydroxystyrene) (PHOST).
25
 
Originally unprotected PHOST was developed as a replacement to novolac, mostly due to 
its decreased absorbance at 254 nm. However, DNQ is not an effective dissolution 
inhibitor for PHOST, so the contrast in these resists was too low for commercial 
applications.
21
 Grant Willson, Jean Frechet, and Hiroshi Ito of IBM protected the PHOST 
polymer as its t-butoxycarbonyl (t-BOC) ester. This made the polymer no longer soluble 
in aqueous base. However, in the presence of acid the t-BOC group is cleaved 
catalytically into isobutylene and carbon dioxide (Figure 1.11). The PHOST, containing 
an acidic phenol, is soluble in aqueous base. Upon addition of a photoacid generator such 
as aryl sulfonium or iodonim salts,
26
 poly(t-BOC styrene) functions as a chemically 
amplified positive tone photoresist. The IBM resist was extremely sensitive to DUV 
radiation, having a sensitivity around 1 mJ/cm
2
. For comparison, this is about 100 times 
more sensitive than the DNQ resists.
21
 The only major complication with this resist was 
ironically due to its extreme sensitivity. Airborne amine contamination from other steps 
in the photolithographic process quenched the generated acid and caused the CARs not to 
print.
27





Figure 1.11: Acid catalyzed cleavage of poly(t-BOC styrene) 
In an effort to further decrease feature size, the industry again sought a smaller 
wavelength for patterning. The next wavelength was 193 nm, generated from an ArF 
excimer laser. With the adaption of CARs, bright KrF excimer lasers (248 nm) replaced 
mercury lamps for DUV lithography.
28
 However, the implementation of 193 nm 
lithography brought a new set of challenges. Photoresists had long obtained their etch 
resistance from the use of aromatic groups. However, at 193 nm, aromatic groups are too 
highly absorbent to be used. This required that aliphatic materials be used in order to 
reduce optical density. Unfortunately, aliphatic polymers also tend to have much lower 
etch resistance. A notable exception to this is cycloaliphatic monomers, and in particular 
monomers containing adamantyl groups.
29
 These units are typically incorporated as 
pendent methacrylate esters as these monomers can still be radically polymerized like 
styrene derivatives but generate much more UV-transparent polymers. The structure of a 
generic 193 nm photoresist is shown in Figure 1.12. The use of multiple different 





Figure 1.12: Typical example of a 193 nm photoresist based on a methacrylate 
terpolymer.   
ArF has been used in manufacturing since 2001. Adoption of immersion 
lithography by placing a fluid between the photoresist and the final lens further reduced 
the feature sizes of printed images by increasing the numerical aperture. However, the 
industry has been struggling to decrease the exposure wavelength further. Much effort 
was expended on developing F2 excimer laser (157 nm) lithography, but difficulties in 
creating photoresists, lenses and immersion fluids ultimately led to the abandonment of 
this wavelength.
30
 Currently, extreme-ultraviolet lithography (EUV) is being explored, 
but faces many of the same problems. This has led to research in alternative technologies 
such as nanoimprint lithography and directed self-assembly. The reader is directed to 
several dissertations from our group for further discussion on these topics.
31-33
 However, 
the industry has currently been forced to use multiple patterning schemes to continue 
shrinking features printed using ArF as no feasible alternative has emerged.  
 
MULTIPLE PATTERNING 
Unfortunately for the microelectronics industry, the limit of 193 nm immersion 
lithography was about a 40 nm half pitch, achieved in 2009. This corresponded to a k1 
value of about 0.3 and numerical aperture of 1.35. Further improvements to these 
parameters were impractical as they were near their fundamental limits. Combined with 
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the failures at implementing 157 nm and EUV wavelengths, the industry was limited to 
printing 40 nm features with no clear route toward smaller features, unlike in all previous 
generations. 
The solution adopted by the industry is termed double patterning lithography 
(DPL). The Rayleigh criterion (Equation 1.1) only applies to the full pitch of dense 
features, and not the actual size of the features themselves. This means that it is entirely 
feasible to print features smaller than 40 nm if the full pitch remains 80 nm or above. One 
could imagine the most straightforward way of double patterning would be to merely 
expose a line space pattern with the linewidth a third of the spaces, then move the mask 
over and expose a second image (Figure 1.13). While this method is conceptually easy to 
understand, it does not actually work in practice. The “unexposed” regions are not 
actually unexposed. Due to diffraction, a sinusoidal aerial image is formed and the 
regions that are not printed just have less than the threshold dose for dissolution.
34
 By 
performing a second exposure, some “unexposed” areas will have received enough dose 
to clear and the printed image will not be the desired line and space pattern.  
 
 
Figure 1.13: Simplified illustration of double exposure lithography 
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As basic double exposure lithography cannot be used to increase resolution, 
various double patterning techniques containing intermediate etch steps have been 
developed. Recently the industry developed a process called litho-freeze-litho-etch 
(LFLE) for the 32 nm node, though it was never used in manufacturing.
35
 Today, self-
aligned double patterning (SADP)  and litho-etch-litho-etch (LELE) are the currently 
used methods for double patterning the 14 nm node.
36
 Dual tone development
37
 (DTD) 
and directed self-assembly (DSA) have also been proposed as alternative methods, but 
neither has been implemented.
33, 38
 
The process flow for SADP is shown in Figure 1.14. In this process, a photoresist 
is patterned normally at twice the pitch of the desired features. A spacer material (such as 
SiO2) is then deposited conformally over the patterned photoresist. An anisotropic etch 
step is then performed to leave only the spacer material on the sidewalls of the resist. The 
resist is then stripped, and the spacer pattern etched into the underlying substrate. 




Figure 1.14: Process flow of self-aligned doubling patterning (SADP) 
This process has the advantage of only requiring one lithography step to generate 
the pattern (though a second lithography step is required to trim the ends). Additionally, 
the process is self-aligned due to the use of the resist sidewalls as templates for the 
spacers. However, the entire process still requires an additional deposition step and an 
anisotropic etch step to create the desired pattern, making it considerably more expensive 
than a standard lithography step. 
 
INTERCONNECT DELAY 
The speed of computers is affected by both the speed of the transistors as well as 
the interconnects between them. Until recently, the total delay of the circuit was 
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dominated by that of the gate delay of the transistors (Figure 1.15). However, transistors 
have gotten much smaller in recent generations and the rapidly increasing number of 
transistors on each chip has vastly increased the amount of wiring required to connect 
them. Packing more wires closer together requires that the wires be smaller, which in turn 
decreases cross-sectional area and electrical conductance. The increased interconnect 
density also results in increased capacitance between wires as the wires are closer 
together. The time delay in an RC circuit is simply the product of resistance and 
capacitance, so increasing the density of increasingly less conductive wires results in a 
large increase in the interconnect delay.  
  
 
Figure 1.15: Effect of scaling on gate and interconnect delays.
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Much of the interconnect delay can be reduced by methods such as increasing the 
number of metallization layers in a device. Indeed, the number of metallization layers has 
rapidly increased as the feature size has decreased below the 350 nm node.
40
 However, 
around this time (late 1990s) the industry switched from the standard Al/SiO2 structure 
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used since the early 1960s. Copper metallization was chosen instead as it has 
considerably lower resistivity than aluminum (17 vs. 27 nΩ*m). However, 
implementation of Cu metallization was quite difficult and required a completely new 
process. Unlike Al that could be coated then selectively etched to form wires, Cu had to 
be electroplated in pre-patterned trenches to generate wires. This process is called the 
Dual Damascene Process and is currently used for all Cu metallization steps. 
New dielectric materials were also considered to replace SiO2. Silicon dioxide has 
a relatively modest dielectric constant around 4.0, depending upon the deposition method. 
The dielectric constant describes how well a material shields the effects of electric fields 
generated by charges compared to vacuum. More importantly, the dielectric constant of 
the insulator material is also directly proportional to the capacitance of a circuit. SiO2 is 
actually quite good as a dielectric material as it is mechanically very strong and also 
thermally stable. Alternatively, IBM originally used polyimides for the interlayer 
dielectric in the 1980s, though this was mostly due to lower costs and good 
planarizability, and not for their lower dielectric constants.
40
 However, even the moderate 
dielectric constant of SiO2 was becoming too high for the sub-micron nodes. The first 
lower dielectric constant material (“low k”) was a fluorinated version of silicon dioxide, 
lowering the dielectric constant to about 3.8 at the cost of some mechanical stability.
41
 
The strategy for decreasing the dielectric constant further has focused on a continued 
incorporation of fluorine and carbon containing materials to break up the silicon-oxygen 
bonds in SiO2, as well as adding porosity to the material. Currently, interlayer dielectrics 
have a dielectric constant around 2.2. While it may be possible to decrease this value 
further, there is a general trend of decreasing mechanical strength with decreasing the 
dielectric constant.
40




The purpose of this chapter is give the reader background information on the 
microelectronics industry and especially the photolithographic process. The remainder of 
this document focuses on utilizing photolithography to pattern both new materials as well 
as modify the output of existing processes. 
Chapter 2 focuses of the development of an alternative method to double 
patterning that functions by modifying ArF resists to print both positive and negative tone 
images, effectively doubling the number of features printed. This method is termed 
pitchdivision and it can reduce the k1 value below the fundamental limit of 0.25. Whereas 
doubling patterning methods require additional tools, this method can be used with 
existing process equipment. 
Chapter 3 focuses on the development of a base catalyzed photosensitive 
polyimide (PSPI) system for use as a packaging dielectric material. A photobase 
generator creates organic bases upon exposure, which acts as curing catalysts for the 
system. The cured material is no longer soluble in developer, resulting in a negative tone 
chemically amplified photoresist. Chapter 4 describes the search for new resist materials 
to improve both patterning and material properties of these PSPI resists.  
Chapter 5 details the discovery of new catalysts for the low temperature curing of 
polyimides, which should allow for easier integration of PSPI into devices. Finally, 
Chapter 6 discusses the development of photobase generators capable of producing 




Chapter 2:  Pitch Division Lithography using Two-Stage Photobase 
Generators 
In chapter 1, the current industrial method of double patterning lithography (DPL) 
was introduced. The self-aligned double patterning (SADP) method achieves doubling of 
resolution but it also essentially doubles the number of lithography steps required for 
patterning, greatly increasing the cost of production. This chapter introduces a chemical 
solution to lowering the Rayleigh constant to values as small as 0.125 in a process termed 
pitchdivision. Much of this work was developed in our lab by Drs. Xinyu Gu and Ryan 
Mesch.
42-43
 The main advantage of pitchdivision over SADP is that, in theory, no new 
equipment or processing steps would be required to print features with half the pitch in a 
standard chemically amplified resist. That is, 22 nm grating features could be printed 
using a standard 45 nm single patterning processes, or sub-10 nm features could be 
printed without needing quadruple patterning. 
 
INTRODUCTION TO PITCH DIVISION LITHOGRAPHY 
The continued lack of a bright EUV source has forced the microelectronics 
industry to adopt a double patterning strategy in order to achieve the resolution required 
for the 22 and 14 nm nodes. While ASML (essentially the only EUV tool maker) 
continues to promise that EUV tools will be production-ready soon,
44
 self-aligned 
quadruple patterning (SAQP) will likely be required in case this goal is not met.
45
 The 
desire to avoid even more patterning steps has resulted in a renewed interest in chemical 
methods for density-doubling lithography. 
While a standard chemically amplified photoresist (CAR) divides the aerial image 
into two parts, a density doubling resist divides the image into three parts. Figure 2.1 
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shows an illustration of this process where instead one threshold exposure dose, there are 
now two. As is the case with a standard positive tone resist, upon reaching the positive 
threshold (E0) the resist becomes soluble in developer. However, with further exposure a 
second, negative threshold (En) appears. 
 
 
Figure 2.1: Illustration of density doubling lithography utilizing two exposure dose 
thresholds 
IBM filed the first patent for this type of photoresist in 1996.
46
 Their material was 
a positive tone photoresist consisting of methoxypropene protected poly(hydroxystyrene) 
and triphenylsulfonium triflate photoacid generator to which an acid sensitive 
crosslinking agent such as tetramethoxymethyl glycoluril (Powderlink
TM
) was added. At 
low exposure dose the material behaves as a regular positive tone photoresist; however, 
larger doses begin to crosslink the polymer matrix enough so that it is no longer soluble 
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in aqueous base developer.
47
 The scheme is shown in below in Figure 2.2. An SEM 
micrograph of frequency doubled isolated lines is shown in Figure 2.3. 
 
Figure 2.2: Solubility switching chemistry used in IBM frequency doubling resist 
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Figure 2.3: SEM micrograph of patterned IBM crosslinking type frequency doubling 
photoresist. Original pitch is 2 μm.
46
 
A very similar approach was reported by Fedynyshyn at MIT Lincoln Labs,
48
 who 
used a copolymer of ethyl adamantyl (EAdMA), hydroxy adamantyl (HAdMA), and γ-
butyrolactonyl methacrylates (GBLMA) and a PAG as the photoresist. The methacrylates 
are deprotected upon exposure and subsquent acid generation to form a positive tone 
resist during TMAH development. At higher exposures doses the hydroxyl groups of the 
HAdMA and ring opened GBLMA begin to form esters with the deprotected acids and 
crosslink the polymer matrix, as shown in Figure 2.4. The major improvement in this 
system over the IBM system comes from the decreased UV absorption of the aliphatic 




 Figure 2.4: Solubility switching chemistry used in MIT multi-tone resist formulations 
  
 While both crosslinking systems are able to generate images for larger pitches, 
performance at smaller pitches is greatly diminished. This is due to the use of 
crosslinking to generate the negative tone image. The crosslinked films are no longer 
soluble in developer, but they are still greatly swelled by it. This causes the printed lines 
to bow out and manifest as high line-edge roughness and even bridging defects at smaller 
pitches.  
A multiple solvent development method for frequency doubling has also been 
proposed known as dual-tone development (DTD).
37
 As originally developed by Asano, 
this method uses PAG and tert-butoxycarbonyl protected poly(hydroxystyrene). The 
photogenerated acid cleaves the protecting group to generate the hydroxystyrene, which 
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is soluble in TMAH developer. The film is then rinsed and developed in organic solvent, 
dissolving the low dose areas where the polymer is still mostly protected, but leaving the 
partially deprotected, and now reasonably polar, middle dose region. Figure 2.5 shows 
that precise dose control is required for the DTD system.   
 
Figure 2.5: DTD using a t-BOC styrene resist. Diluted TMAH solution is used in the 1
st
 
development, followed by a 2
nd
 organic development to generate the 




While the DTD method appears favorable as it uses no additional processes or 
tools other than one organic development step, implementation is a challenge. Fonseca et 
al. at Tokyo Electron and IMEC have worked to optimize the process.
49,50
 Their work has 
found that a flood exposure and subsquent bake is needed after the initial postive tone 
development. While adding acid indiscriminately may seem counterintuitive, some acid 
and base still remain in the film after postive tone development. By carefully controlling 
the amount of acid, base, and flood exposure, the deprotection gradient can be 
maximized, resulting in lower LER and the ability to print at smaller pitches. Fonseca et 
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al. also found that flood exposure allows for the critical dimension (CD) control that 
earlier works lacked as the positive tone trench CD is largely independent of flood 
exposure dose, while the negative trench CD is an extremely strong function of flood 
exposure dose. This allows for an easily adjustable method to guarentee the desired 
evenly spaced lines and space pattern. However, even with optimization, the method still 
suffers from acid gradient problems leading to poor line edge roughness. Further work 
has shown that adding a second patterned exposure after positive tone development can 
improve image fidelty and reduce LER, though this would require an additional 




Recently Hori et al. of TOK have modified the DTD process with several new 
coating steps after the initial patterning.
51
 In this pattern split process (PSP) a polymer 
containing dissolved sulfonic acid is first coated onto the patterned photoresist and then a 
polymer with dissolved base is coated on top of the acid layer. During baking both acid 
and base are able to diffuse into the photoresist, allowing for greater contrast than was 
possible during the flood exposure in DTD. The use of the base layer prevents the 
deprotection in the top of the resist film so that only the side walls are deprotected and 
the entire film does not dissolve. 
The first pitchdivision resists were demonstrated in our lab by adding photobase 
generator to standard ArF photoresists.
52
 This alters the net acid as a function of dose 
profile of the resist, creating a nearly parabolic net acid profile rather than the first order 
kinetics observed in a standard resist (Figure 2.6). In this process, the photoresist 
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performs as a standard positive tone resist in the low exposure dose region. Further 
exposure generates more base and the acid begins to be neutralized, decreasing the net 
acid in the film. Figure 2.6b shows the threshold response of the resist. The solubility of 
deprotected resists in TMAH tends to be highly non-linear, so even small changes in net 
acid create large differences in film retention. As the pitchdivision resist crosses this 
threshold twice for every feature in the mask, the pitch of the printed image should be 
halved. 
 
Figure 2.6: a) Net acid profile for resist containing higher PBG loading than PAG with 
slower base generation kinetics. b) Generation of positive and negative tone 
features due to parabolic net acid profile (Adapted from Ref 43)  
Commonly used PAGs and PBGs both follow first order kinetics with respect to 
dose, as shown in equation 2.1:  
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𝐶 =  𝐶0(1 − 𝑒
−𝑘𝐸)                                                (2.1) 
where Co is the initial concentration of photoactive compound, C is the concentration of 




In order to create this parabolic net acid curve, a higher stoichiometric loading of 
PBG relative to PAG is required. Additionally, the rate constant of base generation needs 
to be lower than that of the acid generation in the PAG.
42
 That is, the product of quantum 
efficiency and fractional light absorbance of the PBG at the exposure wavelength must be 
less than that of the PAG. Typically the PAGs employed in commercial resists are based 
on triaryl sulfonium perfluorosulfonate salts (e.g. triphenylsulfonium nonaflate, TPS Nf). 
Fortunately, upon exposure to deep UV light these salts generate super acids (pKa < -10) 
with high quantum efficiency (0.3-0.5).
54
 Even relatively weak bases such as amines will 
effectively quench these acids. In the case of the often slower base generation, at low 
exposure doses equation 2.1 approaches: 
 
𝐵 = 𝑃𝐵𝐺0 ∗ 𝑘𝑏 ∗ 𝐸                                                   (2.2) 
 
where B is the base concentration, PBG0 is the initial concentration of photobase 
generator, and kb is the photolysis rate constant of the PBG. 
 Modeling of these systems was performed by Dr. Xinyu Gu in a version of 
PROLITH software modified to have a photogenerated base quencher input.
42
 We found 
that there are two new system parameters that affect the performance of these resists, 
which we called the contrast and the E-factor. In a typical exposure of a dense line/space 
pattern at the resolution limit of the lens, the aerial image looks like the curve in Figure 
2.7. This is true regardless of the type of resist used. The figure shows the minimum and 
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maximum intensities (Imin and Imax, respectively) at the wafer surface as well as the 
previously defined Eo and En values that correspond to solubility switching thresholds. 
The contrast and E-factor are defined as:  
 
𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =  
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
                                              (2.3) 
 
𝐸𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝐸𝑛−𝐸0
𝐸𝑛+𝐸𝑜
                                                  (2.4) 
 
 
Figure 2.7: Typical aerial image profile indicating important parameters of E-factor and 
contrast 
The contrast parameter relates to the shape of the aerial image. This shape is a 
function of the exposure wavelength and pitch size, as well as other factors such as the 
type of illumination and the use of phase shift masks. In general these parameters are 
difficult to adjust, making the contrast essentially a constant for a given exposure tool 
near the resolution limit. The E-factor, however, can be more easily changed. It describes 
the spatial relationship between E0 and En. Both values are functions of PBG loading, 
post exposure bake (PEB) temperature, and PBG quantum efficiency. For the pitch 
division process to work, both E0 and En must lie within the dose span of the aerial 
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image, as shown in Figure 2.8. From the figure it is clear that higher contrast is preferable 
as this increases the process latitude.
55
 It is also evident are that the E-factor must be 
smaller than the contrast and that the E-factor must be carefully controlled to generate the 
desired equal sized lines and spaces pattern. For a high contrast aerial image (0.6-0.9), the 
E-factor needs to be around 0.5-0.6.
42
 Much more in depth simulation work on the topic 
has been performed by Dr. Xinyu Gu, and the reader is directed to his dissertation for 




Figure 2.8: Illustration of resist profiles after development as functions of contrast and 
threshold response. (Adapted from Ref 42)  
Modifying the threshold values to achieve the correct E-factor is the key to 
achieving pitchdivision. The shape of the net acid curves is only a function of two 
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variables: the initial PBG/PAG loading and the ratio of rate constants, ka/kb. At 
minimum, both of these ratios must be greater than 1 for the modification of a standard 
positive tone resist. If ka < kb, or even a similar value, all of the photogenerated acid is 
immediately quenched and the resist will never reach E0. Figure 2.9 shows the net acid 
profiles for ka/kb ratios of 1.5 and 3.0 using the linear approximation for base generation. 
In the case of 1.5, very little net acid is present in the film, so no image will be formed. 
Finally, if PAG0 > PBG0, then all of the acid at the higher exposure doses will not be 
quenched and no En will be observed. 
 
Figure 2.9: Effect of kb on net acid profiles for ka/kb = 1.5 (left) and 3.0 (right) 
In the case where kb is much smaller than ka, base is not generated quickly enough 
to quench the acid. This leads to increasingly shallow curves in the net acid profile and 
results in significant problems with line edge roughness (LER), especially in the negative 
tone image.
42
 The effective base generation rate can be increased simply by the addition 
of more PBG. However, this approach is not ideal as high loadings lead to increased 
optical density and degraded dissolution performance.    
Finally, the pitch halving aspect of pitchdivision can result in printed images that 
are quite different than the image printed using a standard resist (Figure 2.10). Many of 
these problems are also encountered using SADP and SAQP, however.
56-57
 The industry 
solution for this problem has been to print only mono-directional dense line/space 
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patterns and then perform a trim step with a separate exposure to remove loops at the 
ends of patterns. This loop behavior is clearly visible in Figure 2.3 and a similar trim step 
would be required for pitchdivision resists. 
 
 
Figure 2.10: Illustration of printed pitchdivision images using conventional mask 
patterns. (Adapted from Ref 42)  
 
PITCHDIVISION USING ONE-STAGE PHOTOBASE GENERATORS 
Photobase generators were originally developed as a way to protect organic 
amines during synthesis.
58
 The advantage over other protecting groups is that these light 
sensitive groups are often cleaved selectively under mild conditions. Additionally, the use 
of light as a deprotection reagent provides an orthogonal method for complex molecules 
that would otherwise require many more protection/deprotection reactions. Historically, 
PAGs have been more common in the microelectronics industry, due to the ability to 
generate super acids at high quantum efficiency.
26, 54
 PBGs have been much less common 
in the industry, though in the 1990s IBM reported patterning polyimide films using 
PBGs.
59-60
 More recently a review has been written on available PBGs.
61
 Further details 
 36 
about our improvements to the base-catalyzed polyimide patterning system can be found 
in Chapter 3. More information about PBGs can be found in Chapter 6. 
While many different PBGs have been proposed for pitchdivision lithography, 
work in our group focused primarily on the carbamates shown in Figure 2.11. The most 
widely explored photo-labile protecting group (PPG) is the 2-nitrobenzyl group (ONB). 
This group is thermally stable to near 200°C, strongly absorbent in the deep UV, and has 
a moderate quantum efficiency.
62-63
 As such, it was one of the first PBG chosen for use in 
photoresists.
64-65
 This type of photobase is further detailed in Chapter 6, and work on the 
other photobases below is the subject of the dissertation of Dr. Ryan Mesch.
43
 For the 
purposes of this dissertation, only the results obtained using ONB will be discussed. 
 
 
Figure 2.11: PBGs explored for use in pitchdivision experiments 
ONB based PBGs were found to give the sharpest contrast at the threshold values 
when added to commercial resists.
43
 Initial experiments also showed the importance of 
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specific base selection. Only primary and secondary amines were available for use with 
these chromophores. Using a primary amine generates a primary amide upon addition of 
the PPG. Primary amides have an acidic hydrogen that can render the compound unstable 
at high temperatures, making them unsuitable for the processes requiring a post exposure 
bake step.
66-68
 Previous results from our group also showed the strong correlation 
between catalyst steric hindrance and diffusion rate, leading to the use of di-substituted 
amines to limit diffusion and blur.
69
 From a safety and convenience point of view, 
commercially available diethyl and diisopropyl carbamoyl chlorides were used to prepare 
the first pitchdivision PBGs.
42
 However, the volatility of the generated bases was 
immediately observed to be an issue. Diethylamine and diisopropylamine have boiling 
points of 55°C and 85°C, respectively. The standard, commercial positive tone 
chemically amplified resists used in the experiments required post exposure bake 
temperatures in excess of 110°C. The resulting contrast curves using PBGs based on 
these amines had very shallow slopes at En. Increasing the PBG loading even further did 
not solve the problem and lead to films not completely clearing upon exposure.
43
 Using 
heavier cyclohexylamine and dicyclohexylamine analogs, however, resulted in much 
steeper thresholds. Figure 2.12 shows the contrast curve for the best pitchdivision PBG 




Figure 2.12: Contrast curve for commercial resist with ONB-DCHC. (Adapted from Ref 
43)  
Initial imaging experiments were performed at Intel by Robert Bristol using a 
commercial resist/ ONB-DCHC formulation. These initial experiments were performed 
using an interferometric tool as the light source. This tool is commonly used in 
lithographic research as it generates a nearly perfect sinusoidal intensity function as the 
aerial image regardless of the numerical aperture (NA). This perfect sine wave results in 
the maximum obtainable amount of contrast and allows for printing even at k values 
approaching 0.25. The resist used in this experiment was modified with base quencher to 
adjust the E-factor to generate equal lines and spaces. Figure 2.13 shows the first printed 
images using pitchdivision on a 220 nm half-pitch mask at NA = 0.22 and k = 0.25.
52
 The 




Figure 2.13: SEM micrographs of 110 nm half pitch lines and spaces printed using a 220 
nm mask. (From Ref 42) 
Smaller pitches were also attempted at Intel including a 90 nm half pitch mask in 
order to create a 45 nm L/S pattern (Figure 2.14). While the 45 nm pattern was generated, 
there is a noticeable decline in image quality. The line edge roughness (LER) in this 
image is unacceptable for commercial applications. Upon closer inspection, every other 
line appears to be particularly rough. This is even easier to see in the cross sectional SEM 
in Figure 2.13. As pitchdivision resists create a pattern of alternating positive and tone 
lines, one tone was clearly printing worse than the other. The higher LER tone was 
hypothesized to be the negative tone from the simple kinetic models (Figure 2.9). Further 
work performed by Xinyu Gu in collaboration with JSR corporation and IMEC 
confirmed that this was the case by using a 9 line array mask.
42
 This generates an aerial 
image that is not perfectly sinusoidal and has significant deviations at the outer lines, 
allowing for positive identification of both tones due to their vastly differing thicknesses. 
However, additional simulation work showed that this is only true for printing 1:1 line to 
space images. Using very large doses actually generates low LER negative tone lines and 
high LER positive tone lines.
42
 The reader is directed to the dissertation of Xinyu Gu for 




discussion in this dissertation will solely focus on printing equal line and space patterns 
where the negative tone will always have a larger LER. 
  
 
Figure 2.14: SEM micrograph of 45 nm half pitch printed using 90 nm mask. (From Ref 
42) 
TWO-STAGE PHOTOBASE GENERATORS 
Many different methods were attempted to reduce LER in both the positive and 
negative tone images. Yongjin Cho from Cheil Chemical Company (a commercial 
supplier of electronic materials) experimented with a polymer bound PBG to try to 
reduce base diffusion.
70
 While the contrast curve became much steeper at the En 
threshold, images printed at the same E-factor for both free PBG and polymer bound 
PBGs still experienced considerable LER. Another method has been to merely increase 
the [PBG]/[PAG] ratio.
42
 This results in a larger gradient at En, though at significant cost. 
The overall net acid profile becomes smaller, and the addition of large amounts of PBG 
greatly increases the optical density of the film and adversely affects resist dissolution. 
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Additional PBG will also further increase the LER of the positive tone as the generated 
base is immediately quenching the acid in the low dose region. 
Modeling by Gu showed that the acid gradient in the positive tone is only about a 
third of the that in the native resist.
42
 In order to decrease the LER in the low dose region 
during pitchdivision, it was proposed that a method of delaying base generation was 
required. This would allow the positive tone image to function normally and not 
immediately begin to be quenched by base. Additionally, this non-linear base generation 
should accelerate at higher doses and improve the negative tone image as well.
43
 To 
create this effect, we imaged a two-stage photobase generator where two separate and 
sequential photochemical reactions are required. This is shown below. Note that this is 
different from so-called two photon absorption where a molecule absorbs two photons at 





Figure 2.15 shows a how the net acid gradients can be increased by using a 2-
stage PBG. The slope at the positive tone threshold is basically unchanged from the 
native resist, even at 10.5 equivalents of PBG to PAG. This is also a significantly higher 
loading than used for the 1-stage PBG, showing that delayed base generation can be used 
to improve the negative tone acid gradient without damaging the positive tone image. As 
shown in the figure, the rate constants of the 2-stage PBG to 1-stage PBG and 1-stage 
PBG to base where set to be the same (i.e. kb1 = kb2). This ensures the maximum 
deviation from first order behavior. In the case where these rate constants are vastly 
different, the rate of base generation essentially becomes first order with the rate being 
that of the slower reaction. For example, if kb2 >> kb1, as soon as PBG is generated, it is 
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immediately consumed; the end result is the same as using a less quantum efficient 1-
stage PBG.  
 
 
Figure 2.15: Comparison of net acid produced with a 1-stage PBG (Green) and a 2-stage 
PBG (Blue). (kb1=0.008, kb2=0.008, ka=0.095, 1-Stage [PBG]/[PAG]=4.5 2-
Stage [PBG]/[PAG]=10.5)  
While the use of a 2-stage PBGs for pitchdivision sounds great in theory, there 
was very little precedent for preparing one.
72
 Despite this, there has been considerable 
interest in their use in lithography.
34, 73-76
 Work in our group has focused on developing 
2-stage PBGs that function based on different mechanisms. These included modifying the 
benzoin and acetophenone PBGs in Figure 2.11 with phenacyl ether protecting groups, 
designing a photo-aromatizing PBG, and preparing a symmetrical 2-nitrobenzyl bis-
carbamate.
77-78
 While the phenacyl protected 2-stage benzoin PBG functioned as a PBG, 
the kb1 value (phenacyl deprotection) was much lower than kb2, resulting in similar 
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suffered from the same issue.
77-78
 The reader is directed to the thesis of Ryan Mesch for a 
complete discussion on synthesis and printing using these ineffective PBGs.
43
 
When designing a PBG with the same rate of photolysis for each step, we 
believed that using the same photochemical reaction for each step should give very 
similar rates. To test this, a 2-stage ONB carbamate (ONB2-CHA) was prepared by Ryan 
Mesch (Figure 2.16). The idea with this compound is that either ONB group could be 




Figure 2.16: Symmetrical 2-stage PBGs based on ONB protecting group 
The major challenge with the 2-stage PBGs is the difficulty in quantifying base 
production. While the corresponding PAGs have been quantified relatively easily by our 
group previously
54
, base quantification proved much more difficult. In many of the 
systems, radical recombination resulted in a large variety of products, making techniques 
such as HPLC, GCMS, and ion chromatography ineffective. Figure 2.17 shows the 
photoproducts of two ONB based PBGs. The standard version, ONB-CHA, generates 
cyclohexylamine and 2-nitrosobenzaldehyde upon exposure.
79-80
 However, the aldehyde 
is sufficiently electrophilic to quickly react with the generated cyclohexylamine to form 






Figure 2.17: Photoproducts of 1-stage ONB based PBGs 
In order to reduce recombination, the ONBM-An PBG was synthesized. This 
PBG generates the weaker and less nucleophilic base aniline, as well as the much less 
electrophilic 2-nitrosoacetophenone. Imine formation is greatly reduced and the aniline is 
not destroyed. Using aniline as the base is also beneficial as it is UV active and can be 
observed by HPLC using a UV detector. Using cyclohexylamine based PBGs required 
isocratic runs and index of refraction monitoring, which we found to be insufficiently 
sensitive for quantification. 
First HPLC calibration curves were created for both aniline and ONBM-An. 
Figure 2.18 shows the calibration curve for aniline detecting at 254 nm. A similar curve 
for the 1 stage carbamate was also obtained, though at 275 nm as it was much more 
absorbent than aniline. Initial testing on the compound was performed in a quartz NMR 
tube in Ar purged acetonitrile (Figure 2.19). The NMR tube was exposed to 254 nm light 
using a Rayonet photochemical reactor. The initial results for this PBG showed that the 
reaction was much cleaner than that of ONB-CHA, as the sum of the concentrations of 
starting material and generated base remained constant throughout the exposure. In fact, 
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this is even true after 1 hour of exposure and conversion approaching 85%. This 
methylated variation could therefore be used as a spectacular protecting group for 
amines. 
 
Figure 2.18: HPLC calibration curve for aniline at 254 nm 
 
Figure 2.19: Initial 254 nm exposure of ONBM-An showing clean reaction 






























As the preliminary results for ONBM-An base generation appeared promising, the 
2-stage version ONB2M-An was also prepared by Ryan Mesch. Both 1 and 2-stage 
methylated PBGs were sent to Yongjun Li and Steffen Jockusch at Columbia University 
for quantum efficiency measurements. Figure 2.20 shows the HPLC analysis of 
acetonitrile solutions of each compound irradiated at 254 nm. The lack of by-products is 
consistent with the results at UT. Additionally, the use of an in-line ESI detector allowed 
for the new peak formed at 4.9 minutes to be positively identified as 2-
nitrosoacetophenone. The quantum yields for both PBGs were calculated using 
valerophenone as an actinometer.
78
 Valerophenone undergoes an efficient Norrish type II 
upon UV exposure with a quantum yield of Φ = 1.0 in acetonitrile (consumption of 
valerophenone)
83
, allowing for convenient calculation of photon flux by GC. The 
quantum yields at 254 nm were found to be Φ = 0.21 (ONBM-An) and Φ = 0.12 
(ONB2M-An). This gives only a factor of 1.75 difference between the stages, so we 
expected to observe the desired delay in base generation. Figure 2.21 shows that this is 
the case. A significant delay is present in the low exposure dose region. 
 
Figure 2.20: HPLC analysis of 1 (a) and 2 (b) stage methylated aniline ONB carbamates 
in acetonitrile irradiated at 254 nm. Analyte detection at 288 nm. 
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Figure 2.21: HPLC analysis of ONB2M-An irradiated at 254 nm in acetonitrile. Analyte 
detection at 230 and 275 nm. 
 
The methylated aniline PBG experiments showed that these compounds do result 
in a delayed base generation, so the next step was to incorporate them into a chemically 
amplified resist for patterning. The main goal of these studies would be to determine if 
the LER is decreased using the 2-stage PBG. For this purpose, the aniline based PBGs 
were not used as aniline is aromatic and would considerably increase the optical density 
of the resist, especially at the higher loadings used for 2-stage PBGs. Instead, ONB-CHA 
and ONB2-CHA were chosen. While these PBGs will both generate imines or 
indazolones during exposure, these nitrogenous species should still be sufficiently basic 
enough to quench the photo-generated super acid. 
Comparing the LER from 1 and 2 stage PBG formulations is actually quite 
difficult due to many factors affecting the process. These include PBG loading, PEB 
temperature, optical density, and differing kinetics.
55
 In order to print a 1:1 line and space 
pattern, the conditions required are quite different for the 1 and 2 stage PBGs. Therefore 
we decided that printing at constant E-factor would be the best way to compare LER and 
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line width roughness (LWR).
55
 This ensures that equal line and space patterns will be 
compared. Images were printed using a 193 nm interferometric tool built by IBM.
84
 As 
previously described, this type of source generates a perfectly sinusoidal aerial image and 
offers the maximum obtainable contrast. Commercial TOK TARF Pi6 001ME was used 
as the base resist and formulations were prepared to obtain an E-factor between 0.55 and 
0.60 at a PEB temperature between 100-110°C. The results of printing 100 nm half-pitch 
images using a 200 nm half-pitch aerial image are shown in Figure 2.22.  
 
 
Figure 2.22: SEM micrographs comparing pitchdivision results using 1 and 2 stage ONB-
CHA PBGs in commercial photoresist. CD, LER, and LWR measurements 
obtained from SuMMIT software. 
 
Visual inspection of the SEM micrographs clearly shows that the quality of the 
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were measured using SuMMIT software. For the native resist, these values were 12 nm 
and 8 nm for lines measured to be 202 nm. These values are very close to those measured 
for the positive tone for both of the PBGs. Interestingly the positive tone is even sharper 
using the 2-stage resist than in the native resist. However, the negative tone improvement 
is really where the improvement is for the 2-stage PBG over the 1-stage. There is about a 
factor of 2 decrease in LWR and LER moving from the 1-stage formulation to the 2-stage 
formulation. The negative tone roughness values are actually only slightly higher than the 
native resist. The z-axis roughness is also greatly decreased in the negative tone images, 
which would be important during image transfer into the underlying substrate. These 
results clearly show that this 2-stage PBG allows for greatly improved image quality 
when compared to the 1-stage PBG. 
 
CONCLUSIONS 
The first photobase generator utilizing two sequential photoreactions having 
similar rate constants was developed. We were able to quantify base generation by 
modifying the traditional 2-nitrobenzyl photosensitive protecting group with a methylated 
benzyl position and using the less nucleophilic base aniline. This slowed down the 
recombination reaction observed in the standard PBGs and allowed for quantification by 
HPLC. The predicted delay in base generation was observed by HPLC. In agreement 
with modeling, images printed using an interferometric tool showed that the positive 
LWR and LER of 2-stage pitchdivision formulations are very similar to those of the 
native resist. While the LWR and LER of the negative were higher than the native resist, 
they were still a factor of two lower than in the 1-stage PBG formulation. These results 
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show that non-linear base generation is possible and that it can be used to greatly improve 




All PBGs were synthesized by Dr. Ryan Mesch.
43
 ARC 29S was donated by 
Brewer Scientific and ArF resist TARF Pi6 001ME generously was donated by TOK 
America. HPLC grade acetonitrile (Fisher) was used without further purification. Hot 
plates open to air were used to bake photoresists. UV exposures were performed at 193 
nm using an IBM custom interferometric tool. Exposed resists were developed in 2.38% 
TMAH solution for 1 min. 
 
HPLC for Base Quantification 
HPLC for base quantification was performed on a Waters 600 series instrument 
equipped with a photodiode array. The injection volume was 20 μL. A gradient of 20:80 
to 100:0 MeCN:water in 14 minutes at 2.0 mL/min was used as the mobile phase. A 
reverse-phase C18 column (4.6 x 150 mm, 5 μm particle size) was used as the stationary 
phase. The column was maintained at 50°C during runs, and the system was equilibrated 
for at least 10 minutes between runs. Aniline was detected at 230 nm and 1 and 2 stage 
methylated aniline PBGs at 275 nm due to their much higher absorption compared to 
aniline. A calibration curve of at least 5 points was generated for each species. 
PBG samples were dissolved in HPLC grade MeCN and charged into quartz 
NMR tubes. The samples were degassed by bubbling argon through them. The solutions 
were then exposed to 254 nm light in a Rayonet photochemical reactor. Periodically 
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aliquots (~50 μL) were taken and injected into the HPLC. The experiment was repeated 
three times for both the 1 and 2 stage methylated aniline PBGs and the error bars 
represent the standard deviation of the three trials. The raw data are located in the 
appendices. 
The HPLC at Columbia was equipped with an ESI mass detector and was used for 





Quantum Yield Measurements  
Valerophenone with a quantum yield of 1.0 (loss of valerophenone in acetonitrile 
solutions) was used as actinometer for quantum yield measurements.
78
 The loss of 
valerophenone was quantified by gas chromatography (GC) equipped with a flame 
ionization detector and a capillary column (Cp-Sil 5 CB low bleed/MS, 0.05 mm × 25 m, 
0.25 μm particle size) at Columbia University. A calibration curve for each compound 
was generated with five points, and the linear range of the detector was determined. In a 
typical quantum yield measurement, the absorbances of sample and the standard in 
acetonitrile solutions were matched at the irradiation wavelength. Two milliliters of the 
sample or standard solution was deoxygenated (argon bubbling) and irradiated in sealed 1 
× 1 cm Suprasil quartz cells under stirring with a magnetic stirring bar using a low-
pressure Hg lamp emitting at 254 or 300 nm as light source. Aliquots of the solution (15 
μL) at different irradiation times were withdrawn from the photolysis cell for GC and 
HPLC analysis and quantified by calibration curves for each compound being analyzed. 
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The conversions in these photoreactions were kept below 30% to minimize interference 
from secondary products.  
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Chapter 3:  Photosensitive Polyimide for Microelectronics Packaging 
 
INTEGRATED CIRCUIT PACKAGING1 
Photolithography, as described in Chapter 1, is used to produce patterned wafers. 
The end product coming from many chip manufacturers is a full wafer containing many 
individual chips (Figure 3.1). After the lithography processes, the full wafers are typically 
sent to a separate packaging company.
85
 The wafers are cut into individual chips. In the 
industry a chip is often referred to as a die due to the dicing step used to separate the dies. 
By itself, the die is quite fragile and the delicate structures are exposed to the 
environment. Something is required to seal and protect the die. This encapsulation device 
is called the “package” and it allows for the die to operate in ambient conditions. Indeed, 
some packages have even been designed to tolerate extreme conditions such as high 
temperature and high radiation environments. 
 
                                                 
1 This chapter contains figures and data previously published in:  
Dick, A. R.; Bell, W. K.; Luke, B.; Maines, E.; Mueller, B.; Rawlings, B.; Kohl, P. A.; Grant 
Willson, C., High aspect ratio patterning of photosensitive polyimide with low thermal expansion 
coefficient and low dielectric constant. JM3 2016, 15 (3), 033503-033503. 
The work of the author primarily focused on materials synthesis including both photobase 
generators and dielectric polymers. Additionally the author also performed UV and IR spectroscopy 
studies, Dill parameter determinations, and PROLITH modeling. 
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Figure 3.1: Patterned full wafer (left) and a single die (right).
86-87
 (Courtesy of Intel) 
While the primary purpose of the package is to protect the die, there are two other 
main considerations. First and foremost is that electrical signals have to come into and 
out of the die, so electrical connectivity is required. This is most relevant in applications 
such as state-of-the-art high-end microprocessors where a high density of input/output 
(I/O) connections is desirable. The larger number of connections maximizes bandwidth 
between the chip and the board, allowing for faster communication. The other major 
consideration is the amount of heat generated by modern chips; temperatures in high-
performance devices can reach 100°C during normal operation. The push toward chip 
stacking and other 3-D architectures further compounds this heat problem. The package 
must be able to effectively dissipate all of this waste heat so that the device is not 
damaged. Historically, innovation in the package design has been fairly neglected 
compared with die. However, these issues mean that the package actually has a 
measurable influence on device cost, performance, and reliability. 
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The first packages developed were based on ceramic flatpacks and were favored 
by the military and aerospace industries due to the ability to hermetically seal the circuits. 
These designs remained popular in those industries even well after the adoption of plastic 
packages. The industry quickly moved toward dual in-line packaging (DIP) and this 
method became the first commercially successful option. This packaging was developed 
at Fairchild Semiconductor in the 1960s initially as a ceramic material but later versions 
adopted a cheaper and easier to mass produce epoxy based version. As shown in Figure 
3.2, the DIP is a rectangular plastic device that encapsulates the chip and has its pins 
arranged in two lines. The pins are connected to the chip by a series of small wires in a 
process called wire bonding. The packages for the first Intel chip, Intel 4004, relied on 
this technology. This device contained only 16 I/O pins to connect 2,300 transistors, ran 
at a meager 740 kHz, and was patterned using 10 micron lithography.
88
   
 
Figure 3.2: Dual Inline Package containing 16 I/O pins. The silicon die is located 
between the two plastic shells.
89
  
Due to the ever increasing number of transistors per device predicted by Moore’s 
law, more I/O pins were required to adequately service the larger chips. The initial 
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solution was to continue with the DIP scheme, just adding additional pins such as the 40 
pin DIP used in Intel’s second generation 8008 device.
88
 However, industry standards set 
the spacing between pins to 0.1 inches, meaning that adding more pins resulted in 
substantially larger packages. Eventually this bulky solution became limited to 64 pins by 
the end of the 1970s for processors such as the Motorola 68000.
90-91
  
Eventually small-outline packages (SOP) and then plastic quad flat packs (PQFP) 
became popular as they decreased pin spacing and began to use all four edges of the chip. 
These wire-bonding type schemes are still used to connect some chips to their packages. 
However, unlike in early chips that use of wire bonds for connections, wire-bonding is 
now only used where the I/O density requirements are low. The limitation of this method 
is that wiring is only possible along the perimeter of the chip (Figure 3.3). Improvements 
in packaging have focused on addressing this problem by enabling the entire surface area 
of the chip to be wired in a process called flip-chip interconnection. This method was 
originally developed by IBM for use in its mainframe applications.
92
 In this process, 
bonding pads are placed over the entire surface of the die and they are connected to the 
package by solder joints. In addition to greatly improving the I/O density available, the 









After its introduction by IBM, flip-chip has developed into three major types of 
arrays for connections. These are the pin grid array (PGA), land grid array (LGA), and 
ball grid array (BGA). PGA was used extensively in early packaging when DIP became 
unwieldly. It consists of an array of pins on the chip side that connect to sockets on the 
package side. This method retains the same 0.1 inch pin spacing as DIP and was replaced 
by Intel and Advanced Micro Devices (AMD) in the early 2000s in favor of LGA.
95
 LGA 
is essentially PGA reversed; the pins are located on the package side. In LGA packaging 
there is also option of directly soldering the chip to the board rather than having package 
side sockets. BGA is very similar to socket-free LGA. In BGA solder balls are attached 
to bonding pads on the chip side and heated to reflow and form electrical connections. 
This is in contrast to LGA which uses flat contacts for soldering rather than solder balls. 
BGA offers the advantages of the smallest possible connections currently available for 
the highest I/O density. The shorter connections also improve heat conduction and 
provide lower inductance. However, the major difficulty with BGA is that the 
connections are not mechanically compliant. Solder ball connections cannot bend and 
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flex like other connections, so thermal stresses generated after solder reflow due to 
coefficient of thermal expansion mismatch can cause joint failures. 
Today, flip-chip packages are produced in a process called sequential build-up 
(SBU). This process was first developed by IBM, but has become the industry standard 
after adoption by Intel.
92
 The process begins by using FR-4 as the “core.” The main 
purpose of the core is to provide a rigid substrate for the electrical connections for the 
chip and redistribute power and signals. FR-4 is a fiberglass reinforced epoxy resin and is 
the green part of printed circuit boards. Copper foil is then laminated on both sides of the 
board to produce a “copperclad laminate.” The copper foil is then subtractively patterned 
to form the desired circuit. The separate layers are then connected by drilling through the 
board and electroplating copper to form vias that connect layer to layer. Modern high end 
devices require cores that consist of multiple FR-4 and copper layers.  
A schematic of a typical package using flip chip ball grid array (FCBGA) is 
shown in Figure 3.4. In addition to the rigid core “build-up” layers are also present. These 
are much thinner layers (< 20 μm) and are located on either side of the core. These layers 
are built sequentially on top of each other in the SBU process. As in the core, the build-
up layers consist of copper and an insulator, however without any fiberglass present. 
These layers are patterned using either conventional photolithography and subsequent 
etching or in a direct laser drilling process.
96
 Neither method is without its drawbacks, 
however. Photo-patterning requires a separate photoresist and a series of subsequent 
processing steps (recall Chapter 1). Direct patterning by laser drilling has the advantage 
of being a one step process. However, it is extremely energy intensive and tends to 
damage more sensitive organic dielectrics, leading to lower quality features than when 
using a separate photoresist.
97
 The feature size available from laser drilling also tends to 
be larger than that achievable by photolithography. To improve on this process, it would 
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be desirable to have a photosensitive material that could be used as the dielectric in the 
build-up layers. This would offer the advantage of improved feature quality while 
removing many of the processing steps. The goal of this project is to create a photo-
patternable material for use in these build-up layers. 
 
 
Figure 3.4: Schematic of Ball Grid Array package showing build-up layers and rigid 
core.
92
 (Copyright 2005, IBM) 
 
PHOTOSENSITIVE POLYIMIDE 
The material of choice for this application is aromatic polyimide due to its unique 
combination of material properties. Polyimides (PI) were used in the 1980s as interlayer 
dielectrics due to their lower dielectric constant than SiO2, good planarization, and 
relatively low cost.
40
 Additionally, PI have also been used to form stress-buffer layers 





The PI of pyromellitic dianhydride-co-oxydianiline (PMDA-ODA), known by its 
DuPont tradename, Kapton®, is so commonly used that it has become essentially 
synonymous with polyimide. Aromatic polyimides tend to have low coefficients of 
thermal expansion and high thermal stability, usually in excess of 400°C. Typically these 
materials also have low dielectric constants, reasonable etch resistance, as well as 
excellent resistance to organic solvents and good hydrolytic stability.  
The insolubility of most polyimides does, however, complicate processing. This 
requires that a soluble polyimide precursor be used and then cured to imidize the 
material. Poly(amic acids) (PAA) produced from the polycondensation of a dianhydride 
with a diamine are by far the most common precursors. (Figure 3.5) Poly(amic esters) can 
also be used, and are created from the condensation of a diamine and a diester diacid 
chloride monomer. In the case of aromatic monomers, even the precursor polymers tend 
to only be soluble in amide solvents such as dimethylformamide, and n-
methylpyrrolidone. After a solution of the precursor is coated onto the substrate of 
choice, the material is cured at high temperature (>300°C) to ring close the polymer to 
the imide form.
100
 Dehydrating agents such as acetic anhydride/pyridine can also be used 





 Figure 3.5: Synthesis of PMDA-ODA. Poly(amic acids) are equilibrium mixtures of 
isomers.  
For use in microelectronics devices, the polyimides must be patterned, typically 
using a separate photoresist. This is performed by first coating the desired substrate in an 
adhesion promoter so that the polyimide will be chemically bound to the surface. The 
precursor polymer, usually, poly(amic acid) is then coated on top of the adhesion 
promoter and baked to drive off excess solvent. After subsequent high temperature 
thermal curing, the material is dehydrated to form insoluble polyimide. A photoresist is 
then coated on top of the fully cured polyimide, exposed to light through a mask and 
developed. The image is than etched into the underlying polyimide layer. Finally the 
resist is striped. Additionally, depending on the exact process and photoresists used, 
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multiple baking steps and a full thermal cure are required at different stages in the 
process.  
In order to simplify the patterning process, photosensitive polyimides (PSPI) have 
received considerable attention. These materials act as a combination of polyimide and 
photoresist. The process for these materials consists of coating the PSPI onto the desired 
substrate, exposing the PSPI to light through a mask, developing the PSPI and then a 
final thermal cure. The reduction in processing steps can be clearly seen in Figure 3.6. 
The process removes the need for a separate photoresist as well as a potentially damaging 
etch step. A few reviews have been written on the large variety of PSPI
102-103
 that have 
been reported, so this thesis will only highlight the major differences in the schemes 
employed for patterning. The reader is directed to these comprehensive reviews for 
further reading. 
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Figure 3.6:  Comparison of (negative tone) traditional and direct dielectric patterning  
 
POSITIVE TONE PHOTOSENSITIVE POLYIMIDE 
 Many positive tone photosensitive polyimides have been devised. Positive tone 
PSPI designs are not typically chemically amplified and usually involve the addition of 
diazonaphthoquinone (DNQ) derivatives to act as a dissolution inhibitor for poly(amic 
acids), poly(hydroxyimides), or poly(isoimides).
104-107
 In a typical example
105
, a 
poly(amic acid) copolymer of pyromellitic dianhydride (PMDA), biphenyl 
tetracarboxylic dianhydride (BPDA), and 2,2’ bis(trifluoromethyl)benzidine (TFMB) is 
patterned using 2,3,4-tris(1-oxo-2-diazonaphthoquinon-4-ylsulfonyloxy)benzophenone 
(D4SB, Figure 3.7). The benzophenone derivative is essentially a benzophenone 
molecule with three pendant DNQ groups; the function is basically the same as in non-
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chemically amplified DNQ-novolac resists. Ortho-nitrobenzyl protected 








Figure 3.7: Example of DNQ based positive tone PSPI 
 
NEGATIVE TONE PHOTOSENSITIVE POLYIMIDE 
Negative working PSPI is much more common than its positive tone counterpart. 
The first practical PSPI was developed by Rubner et al. at Siemens. This material was a 
negative tone PSPI and based on the crosslinking of pendant 2-hydroxyethylmethacrylate 
esters by a photo-radical generator.
109
 (Figure 3.8) A competing method developed by 
Yoda et al. of Toray relies on the addition of tertiary amine methacrylates  to form salts 
with a poly(amic acid).
110
 Similarly, a photo-radical generator is also used to crosslink 








Figure 3.9: Toray methacrylate salt based negative tone PSPI 
The Siemens and Toray type PSPI are used in the same way (Figure 3.10). The 
precursor material is first spin-coated onto the desired substrate and soft baked to remove 
residual solvent. The material is then exposed to light to initiate crosslinking. The 
unexposed regions can then be developed away. A final thermal cure is then performed to 
convert the material into polyimide. While these materials have been extensively used in 
the microelectronics industry, they have many drawbacks. Perhaps the most problematic 
is the cure shrinkage exhibited by these systems. During the final thermal curing the 
methacrylate sidechains are volatilized as the chains ring close to the imide form, causing 
the films to shrink around 50%.
60
 This extreme shrinkage tends to cause significant 
 66 
sidewall slopes in the fully cured material (Figure 3.11),
111
 as well as voids due to the 
volatilized crosslinkers.
112
 Commercial materials using these schemes are typically 
Kapton based, which are strongly colored and therefore require high exposure doses, on 
the order of multiple J/cm
2
. Photogenerated radicals are also quenched by atmospheric 
oxygen, further degrading crosslinking efficiency and increasing the required dose.   
 
Figure 3.10: Imaging scheme for traditional crosslinking negative tone PSPI 
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Figure 3.11: Commercial negative tone PSPI showing significant sidewall sloping 
(Copyright 1996 Society of Photo Optical Instrumentation Engineers)
111
 
A different crosslinking approached based on benzophenone and thioxanthone 
based dianhydrides has also been reported.
113-114
 In these systems the ketone carbonyl is 
excited to a triplet state upon UV exposure, according to classical photochemistry (Figure 
3.12).
115
 The excited triplet then can abstract a hydrogen atom from a nearby hydrogen 
donor, such as a benzylic hydrogen, to create two radical species. The photogenerated 
radicals can then react to form a new bond, crosslinking the material. While the chemistry 




Figure 3.12: Photo-crosslinking mechanism in benzophenone  
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CHEMICALLY AMPLIFIED PSPI 
Finally, both negative and positive tone chemically amplified PSPI have also been 
reported. The positive tone variations typically consist of a photoacid generator and either 
t-butoxycarbonyl or tetrahydropyranyl protected fluorinated poly(hydroxyimide).
116-117
 
These positive tone designs allow for high aspect ratio and high resolution printing. The 
use of flexible fluorinated monomers offers low dielectric constants and improved optical 
transparency but sacrifices much of the desirable aromatic PI properties in order to gain 
improved patterning capabilities. 
Much of the chemically amplified negative tone work was developed by IBM in 
the 1990s, and the remainder of the chapter will be dedicated to their approach. While 
workers at IBM were coating PI precursors onto substrates containing a chromium coated 
copper under-layer and then baking to fully cure the PI, it was noticed that there were 
areas where the PI film came in contact with the copper due to defects in the chromium. 
At first IBM believed that copper must be hindering the curing of the PI films, but it was 
eventually discovered that trace amounts of methylamine in the NMP casting solvent 
were actually catalyzing the imidization reaction.
118
 In areas exposed to copper, the 
methylamine complexes with the copper and does not act as a curing catalyst.  
During the early 1990s, work at IBM also focused on solving other problems 
encountered with poly(amic acid) solutions.
119
 As shown in Figure 3.13, the monomers 
are in equilibrium with the PAA. This creates viscosity changes that can be quite 
dramatic and problematic for processes such as dilution and heating.
120
 The solutions are 
also unstable on storage.
121
 Slowly the polymer will begin to lose water and imidize, 
causing an increase in viscosity and eventually becoming a gel. Even stored in a freezer, 
these materials only tend to last for months at the longest. The viscosity of PAA solutions 
is also very high and the solubility low relative to many other common polymers due to 
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the polyelectrolyte effect from the carboxylic acid groups on the polymer. Together these 
characteristics make viscosity dependent processes such as spin-coating difficult, 
especially for thick films (> ~1 μm) requiring high solids loading. 
 
 
Figure 3.13: Poly(amic acids) are in equilibrium with monomer and slowly imidize upon 
storage to insoluble gels 
These problems with PAA led IBM to investigate the use of poly(amic esters) 
(PAE) to replace PAA in their processes. While these materials can be prepared by 
methods such as a reaction of the deprotonated PAA with an alkyl halide or amide 
acetals, these methods tend to cause a large amount of imidization as well.
122
 A better 
route involves the reaction of the dianhydride monomer with an alcohol follow by 
chlorination to form a diester diacid chloride.
119, 123
 Reaction of the diacid chloride 
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monomer with an aromatic diamine in presence of pyridine gives the ester polymer 
(Figure 3.14). We found this method to work well even in the case of poorly nucleophilic 
diamines and no imidization was observed in the polymer by IR spectroscopy. 
 
Figure 3.14: Synthesis of meta diethyl ester of PMDA-ODA polymer 
Previous work at IBM showed that model compounds of polyimide precursors 
have imidization temperatures that depend greatly on the presence of base.
124
 While 
poly(amic esters) require temperatures above 300°C for complete curing, the onset of 
curing is around 170°C. Addition of alkyl amine bases catalyze the curing and allow for 
imidization around 120-150°C. Further work showed that the imidization appears to 
follow general base catalysis, with the strong amidine base 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) being orders of magnitude faster than other tertiary amine bases such as 
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triethylamine. Nucleophilicity and hydrogen bonding of the amine appear to be less 
important.
125
 It was also found that the ester polymers are stable to pyridine indefinitely, 
meaning that it is a sufficiently weak enough base to be used as a proton scavenger 





Figure 3.15: Proposed base catalyzed imidization mechanism
125
 
As the imidization reaction is base catalyzed and the solubility of cured PI is 
negligible, IBM immediately identified this system as a chemically amplified photoresist. 
Adding photobase generator to a PAE resulted in a chemically amplified negative tone 
resist.
59-60, 126
 These resists function by the generation of an amine base during UV 
exposure. Subsequent post exposure bake below ~170°C causes imidization to occur only 
in the exposed regions. The partially imidized regions are no longer soluble in organic 
solvents, allowing for unexposed regions to be developed away selectively. This system 
is preferable to the Rubner and Toray type systems for a variety of reasons. In the base 
catalyzed system the solubility switching and curing reactions are the same. This means 
that basically any polyimide precursor can be made patternable by the addition of 
photobase generator. The lack of methacrylate crosslinkers or dissolution inhibitors is 
also advantageous as these situations lead to higher cure shrinkage and/or degraded 
material properties if they are retained in cured films.  
The main challenge of this system is due to the large absorbance of most PI films 
even out into the visible range. Early systems using PMDA-ODA required sensitizers and 
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even then were only able to print images about 5 μm thick.
60
 While this was likely 
satisfactory for the interlayer materials of the time, and extremely thick by the standards 
of modern photoresists, films tens of microns thick are required for packaging 
applications. As most of the PBGs known function in the near to deep UV, most of the 
work has been on improving the transparency of the PI precursor in the near UV 
region.
127-131
 Typically this done by using aliphatic or flexible monomers, often at the 
cost of reduced contrast due to the fully cured PIs now being soluble. While more 




PACKAGING REQUIREMENTS   
The requirement for connecting multiple chips into the same circuit requires 
either a true vertical 3D architecture complete with through silicon vias (TSVs) or an 
alternate structure with multiple chips on top of a silicon interposer. In the case of the 
interposer, fine wiring running at the packaging level is necessary to connect the chips, 
and this requires the use of some lithographic patterning scheme.
133
  
The requirements for the packaging dielectric are quite different than the 
interlayer material; reduction of the dielectric constant (εr) is not the primary objective. 
The major push in this project is toward photo-patternable thick films, on the order of 
tens of microns compared to less than 100 nanometers in modern photoresists for 
advanced lithography while retaining desirable material properties in the films. In the 
case of packaging dielectrics, a large amount of seemingly conflicting material properties 
are required.  
The dissipation factor (DF) relates to how a dielectric material dissipates the 
energy of electrical fields into heat and this should be kept to a minimum. The coefficient 
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of thermal expansion (CTE) is a measure of how much a material expands due to changes 
in temperature and must also be minimized. Water absorption is also important due to the 
relatively large amount of polar groups in PI relative to other engineering plastics, and is 
often not negligible. Absorbed water raises both the dielectric constant and dissipation 
factor. Finally, the material needs to be photopatternable for implementation in new 3D 
architectures and preferably use light of a wavelength currently used in the 
microelectronics industry. The specifications for these properties are listed in Table 3.1, 
along with the properties of PMDA-ODA, BPDA-PPD, and PMDA-TFMB. These PI are 










εr < 3.0 ~ 3.5 3.1 2.6 
DF < 0.01 0.002 0.002 - 
CTE < 30 ppm/K 20-40 3-8 -3 
Water 
absorption 
< 1% 3.5 1.4 1.9 
Film thickness 15 μm ~ 4-5 - - 
Resolution 5 μm 5 - - 
Precursor color  brown brown colorless 






Figure 3.16: Structures of select polyimides  
Understanding how structure affects the material properties in necessary for 
designing new PI that can meet the project targets. Many of the properties of PMDA-
ODA (and by extension most other fully aromatic PI) can be traced back to the charge 
transfer complexes (CTCs) formed in the PI.
140-141
 Aromatic imides also are also electron 
deficient and have been used in applications such as electron acceptors in 
photovoltaics.
142
 When polymerized with electron rich diamines such as ODA, a polymer 
of alternating partial positive and partial negative charges is formed. This results in an 
intra-molecular charge transfer complex. Charge transfer is also inter-molecular 
especially in the case of  pi stacking aromatic imides.
143
 The most visible manifestation 
of the formation of the CTCs is the color of the aromatic polyimides. Rather than being 
colorless like most common plastics, PIs are typically dark yellow to brown. Here the 
absorption is due to the small bandgap between the occupied π orbital of the diamine and 
the unoccupied π* orbital of the imide ring.
140
 The CTCs also result in much stronger 
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bonding between individual polymer chains relative to most other polymers. These strong 
intermolecular interactions result in a material having excellent mechanical properties
137
 
and being impervious to solvents. 
 
DIELECTRIC CONSTANT 
For a dielectric, the most characteristic property is the dielectric constant, εr. Also 
known as the relative permittivity, this property is the ratio of the permittivity of a 
material to that of vacuum permittivity, εo:  
 
                          𝜀𝑟(𝜔) =
𝜀(𝜔)
𝜀0
                                                (3.1) 
 
where the dielectric constant is a function of frequency (ω). This property relates to how 
the polarization of a material is affected by an external electrical field. High dielectric 
constant materials more effectively shield the fields generated by nearby wires. In a 
circuit the time delay relates to how long electrical signals take to travel and is a measure 
of the speed of the circuit; for an RC circuit, the time delay is simply the product of 
resistance and capacitance. As two adjacent wires separated by dielectric material 
function as a capacitor, minimizing the dielectric constant is required to maintain circuit 
speed as the line spacing decreases. A quantitative relationship of the relative permittivity 








(𝛼𝑒 + 𝛼𝑑 +
𝜇2
3𝑘𝑏𝑇
)                                (3.2) 
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where N is the number of molecules per volume, αe is the electronic polarizability, and 




/3kbT term represents the contribution due to 
permanent dipoles where μ is the orientation polarizability, kb is the Boltzmann constant 
and T is the temperature. How these different components affect the overall dielectric 
constant are shown is Figure 3.17. 
 
Figure 3.17: Frequency dependence of real and imaginary parts of the dielectric 
constant
144
 (Copyright 2003, AIP Publishing) 
 As seen in Figure 3.17, the Debye equation shows that there are only certain 
frequency ranges over which each of the component polarizabilities is a critical factor. 
For example, for frequencies above ~10
14
 Hz (visible light) only electrons are light 
enough to be efficiently polarized and only the electronic polarization (αe) term is 
important. At these frequencies the dielectric constant is simply related to the index of 
refraction (n) by Maxwell’s identity: 
ε∞ = n
2
                                                  (3.3) 
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Today, most electronic devices operate in the GHz range, meaning that all terms in the 
Debye equation are important and all must be taken into account when choosing a 
dielectric material. 
 Reducing N, the number of molecules per volume, is a common method of 
reducing dielectric constant in interlayer materials.
40-41
 Typically this is done by the use 
of porogens in inorganic materials or structural modifications such has bulky groups to 
interrupt packing. The poor packing increases free volume, lowering density and εr in 
polymers.
145-147
 However, these approaches also tend to weaken the materials, which can 
be quite detrimental for the package’s primary task of protecting the chip.   
 The polarizability and dipole strength factors are also important at the frequencies 
in modern devices and need to be minimized. A set of common bonds encountered in 
organic materials along with their polarizabilities and bond strengths are shown in Table 
3.2. From the table it is clear that double and triple bonds are very polarizable, leading to 
increased dielectric constant. Therefore, while conjugation increases bond strength, in 
general π bonds need to be avoided in favor of less polarizable σ bonds. Also noteworthy 
is that C-F bonds, the strongest single bonds known, are quite polar though not very 
polarizable. This is a result of fluorine being the most electronegative element and 
causing most of the electrons density in the bond to be tightly bound to the fluorine. 
Symmetrical incorporation of C-F bonds can therefore give materials with low 
polarizability and without a net dipole, generating materials with very low dielectric 
















C-C 0.531 83 0 
C-F 0.555 116 1.4 
C-O 0.584 84 0.7 
C-H 0.652 99 0.3 
O-H 0.706 102 1.5 
C=O 1.02 176 2.3 
C=C 1.643 146 0 
C≡C 2.036 200 0 
C≡N 2.239 213 3.5 
Table 3.2: Polarizability, bond enthalpies, and dipoles of common organic bonds
41, 149-151
 
Additionally, the dielectric constant has both real and imaginary parts: 
 
𝜀𝑟(𝜔) = 𝜀𝑟
′ (𝜔) − 𝑖𝜀𝑟
′′(𝜔)                         (3.4) 
 
Where εr′ is the real part and εr″ is the imaginary part. The real part describes how well a 
dielectric material shields electrical charges and the imaginary part describes how 
efficiently the material dissipates electrical fields into heat. Often dielectric loss is 
described as the loss tangent (tan δ), formed by the ratio of the real to imaginary parts. 
This ratio can also be referred to as the dissipation factor (DF). 
 
                     tan δ = DF = εr″(ω)/ εr′(ω)                                           (3.5)  
 
Much of the dielectric loss is due to interaction of the oscillating field with ionic 
and polar species present and these groups should be avoided. The dissipation factor 
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The water absorption requirements are related to the effect of water on dielectric 
constant, in addition to potential electrochemical corrosion issues. Water has a dielectric 
constant of around 80 at room temperature and a dissipation factor of 0.157 at 3 GHz.
157-
158
 This means that even modest water absorption in a film can result in large and 
detrimental effects on the dielectric properties.   
From a dielectric constant point of view, fluoropolymers such as Teflon or Viton 
are among the best nonporous materials known, with dielectric constants around 2.0.
41, 159
 
Fluorinated materials also tend to have low water absorption.
40
 However, solubility, 
processibility, and thermal stability issues along with a coefficient of thermal expansion 





COEFFICIENT OF THERMAL EXPANSION 
The use of polymeric materials as dielectrics is mainly hindered by their 
coefficient of thermal expansion (CTE). While organic polymers tend to have lower 
dielectric constants and less complex deposition requirements than nonporous inorganic 
materials, polymers also have among the largest CTEs of any solid materials, typically on 
the order of 100 ppm/K.
160
 This poses a significant problem in device integration, 
particularly during the solder reflow step when the CTE mismatch introduces strain on 
the thousands of electrical connections that are made to the substrate. Figure 3.18 is a 
cartoon that shows the (exaggerated) effect of the low CTEs of the silicon chip (3 
ppm/K), the packaging substrate (~14 ppm/K), and the copper metallization (17 ppm/K) 
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with a high CTE dielectric (blue)  during the solder reflow step. As the figure shows, the 
effect is seen after the package cools to ambient conditions. The stress generated in a film 
on a substrate due to CTE mismatch can be described as: 
 
  σ = Ef ΔT (αf-αs)                                            (3.6) 
 
where Ef is the Young’s modulus of the film, ΔT is the change in temperature, αf is the 
CTE of the film, and αs is the CTE of the substrate.
161
 This means that the greater the 
CTE mismatch, the larger the stresses formed upon cooling, and the more likely the 
device will fail. Recently, the transition to lead free solders has exacerbated this problem, 
as reflow temperatures around 250°C are required for the new solders instead of about 
200°C for SnPb solders.162 If CTE mismatch is large enough, warpage, via delamination, 
solder joint failure, and even cracking of the die can occur.  
 
 
Figure 3.18: Cartoon of effect of CTE mismatch during solder reflow step 
Preventing these failure modes requires a close matching of CTE between all the 
materials used. The silicon die, copper metallization, and FR4 (glass-reinforced epoxy 
resin) substrate all have low CTEs and great effort has been made to optimize these 
materials. Therefore the build-up dielectric must have a similar, low dielectric constant 





DIELECTRIC PATTERNING REQUIREMENTS 
Lithography requirements at the packaging level are much different than in 
interlayer dielectrics. In the build-up layer of the package, the copper vias are typically 
not smaller than 5-10 μm, but each layer thickness is 10-20 μm.
111, 139, 163
 For this project, 
the requirement is 5 μm dense line/space patterns in a 15 μm thick film (aspect ratio = 
3.0). Finally, the patterning should be compatible with the installed base of standard 
exposure tools used in industry, meaning that the patterning wavelength should be no 
longer than 365 nm (mercury i-line). While the pitch requirements are orders of 
magnitude larger than those of the smallest interconnects, the aspect ratio is challenging. 
The extremely thick films present depth of focus and optical density challenges.  
The initial work on this project focused on repeating the patterning of the 
poly(amic ethyl ester) of PMDA-ODA initially reported by IBM.
59
 The initial work was 
performed at UT by William Bell on the para diethyl ester of PMDA-ODA (pPMDA-
ODA-EE) using an ortho-nitro carbamate photobase generator (Figure 3.19).
68
 The 
system contained a 15 wt% loading of a PBG that only works in the deep UV. The 
material worked in a proof of concept experiment to print 5 μm L/S patterns, but the 
optical density of the resin is so high that thicker films are opaque. Even 5 μm thick films 
require very high imaging doses. 
 
 
Figure 3.19: Initial proof of concept PSPI system 
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PATTERNING WITH NVOC PHOTOBASE GENERATOR 
In order to print films at the required thicknesses, the resin must be much less 
optically absorbent than PMDA-ODA. As shown in the PI comparison table (Table 3.1), 
solutions of PMDA-TFMB are colorless and the fully cured material has properties close 
to the specifications. As discussed earlier, PIs often charge transfer complexes between 
the electron poor dianhydride and the electron rich diamine that increase the optical 
density in the UV.
140
 However, the structure of PMDA-TFMB and its precursors are such 
that formation of CTCs is inhibited by both steric and electronic effects. Compared with 
ODA, TFMB has extremely electron withdrawing trifluoromethyl groups instead of an 
electron donating oxygen linkage. The decrease in electron density weakens the charge 
transfer effect. The structure of the TFMB monomer also appears to hinder complex 
formation. The trifluoromethyl groups on each ring cause TFMB to take on a twisted 
configuration that cannot effectively complex with PMDA. A comparison of the UV 
absorbance of PMDA-ODA and PMDA-TFMB ethyl ester PAEs (PMDA-ODA-EE and 
PMDA-TFMB-EE, respectively) is shown in Figure 3.20. At the proposed patterning 
wavelength of 365 nm, PMDA-ODA-EE has an absorbance of about 0.3 μm
-1
, effectively 
limiting patterning to a few microns at the very most.
59
 In comparison, PMDA-TFMB-EE 
has an absorbance of about 0.05 μm
-1





Figure 3.20: UV-Vis spectra of poly(amic ethyl esters) of PMDA-ODA and PMDA-
TFMB. The proposed exposure wavelength (365 nm) is shown in black. 
Unfortunately, when printing pPMDA-TFMB-EE with the i-line active photobase 
NVOC piperidine (Figure 3.21), patterning was satisfactory, but the films produced were 
rough and grainy.
68
 This effect was even more pronounced when attempting to spin coat 
multiple micron thick films onto silicon wafers. After coating, the films were white, 
opaque, and rough. Likely, this is due to lyotropic behavior due to the rigid para linkages 
and the inflexible TFMB monomer.
164-165
  
However, PAEs can be produced as the pure meta isomer or a mixture of isomers 
as well (recall Figure 3.14). The precursor PMDA diethyl dicarboxylic acids can be 
fractionally crystallized from ethyl acetate to obtain nearly pure isomers after one 
recrystallization. Unlike in the case of PAA were the material is an equilibrium mixture 
of isomers, the PAEs retain the isomeric purity of the starting diacid chloride. The para 
isomer tends to form much more rigid polymers than the meta isomer and this results in 
much higher viscosities (~2-3x) at the same degree of polymerization and concentration, 




























solubility of polymers produced exclusively from the para isomer with rigid diamines 
also tend to be quite poor.
166
 The meta isomer generates much less viscous and more 
soluble polymers in the case of rigid diamines and as the final cured polyimide is the 
same
167
, using the meta isomer offers a convenient method to improve the processibility 
of thick films and avoid the liquid crystalline behavior. 
 
 
Figure 3.21: pPMDA-TFMB-EE and NVOC piperidine photobase 
The PMDA-TFMB meta diethyl ester (mPMDA-TFMB-EE) has vastly improved 
solubility in the casting solvent compared to the para isomer. Whereas the para isomer 
could be formulated in concentrations up to about 15 wt%, the meta isomer was soluble 
up to about 35 wt%. Spincoating this material produced smooth films that did not scatter 
light like the para isomer. Additionally, the improved solubility allowed for generation of 
much thicker films (up to about 20 μm uncured) to be cast. 
We were able to print 2.5 μm line/space patterns in relatively thin 1.5μm films at 
1500 mJ/cm
2
 i-line for 5% NVOC piperidine loadings and developing with mixtures of 
NMP in methanol. The sidewall profiles are also quite vertical, in comparison to the 
sloped walls produced by commercial acrylate-based PSPI. (Figure 3.22) 
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Figure 3.22: Fully cured 2.5 μm L/S pattern in 1.5 μm thick mPMDA-TFMB-EE printed 
with NVOC piperidine PBG.  
 
QUANTIFYING RESIST PERFORMANCE AND CALCULATING IMIDIZATION BY IR 
SPECTROSCOPY 
PSPIs function as photoresists, so their performance can be analyzed using 
methods developed for traditional photoresists. Contrast curves for the 5% NVOC 
piperidine/ mPMDA-TFMB-EE system were prepared using films 1-2 μm thick, and are 
shown in Figure 3.23. The three most important parameters from a resist contrast curve 
are D0, the maximum dose that still causes the film to clear; D100, the minimum dose 







                                               (3.7) 
 
At low exposure doses (< 200 mJ/cm
2
) the films were completely developed 
away, while doses larger than 900 mJ/cm
2
 were sufficient for patterning. Intermediate 
values, however, experience considerable swelling during development, causing 
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significant roughness and producing films that are thicker than the initial film 
thicknesses. Baking at 150°C gave a contrast of about 2.0, while the contrast at 170°C 
was about 1.4.  Also unusual compared to standard crosslinking type negative tone resists 
is the noticeable loss in film thickness after development. As the resist material goes from 
the amic ester form to the polyimide, ethanol is generated and diffuses out of the film, 
resulting in cure shrinkage. However, this process generates far less shrinkage than in the 
Rubner type systems.  
 
Figure 3.23: Contrast curves for 5% NVOC piperidine/mPMDA-TFMB-EE for post 
exposure bake temperatures of 150°C and 170°C for 10 minutes 
 
The imidization reaction reaches higher conversion with increasing temperature 
due to both reaction kinetics and base diffusion. Thus, thinner films remain after the 
170°C post exposure bake compared to the 150°C bake. However, even after a 10 minute 
bake at 170°C, the imidization is incomplete and further shrinkage occurs during a final 
cure step. Contrast likely could be improved by post exposure baking at a higher 
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temperature to further enhance the base catalyzed reaction and diffusion, so the amount 
of imidization was quantified by infrared spectroscopy. As shown in Figure 3.24, there 
are three characteristic peaks in the IR that can be used to track the degree of imidization. 
The small band that appears at 1783 cm
-1
 is due to the asymmetric carbonyl stretch of the 
newly formed cyclic imide. Also prominent is the stretch at about 1360 cm
-1
, which 
corresponds to the C-N stretch between the imide nitrogen and the aromatic carbon. 
During the imidization process the peak at 1491 cm
-1 
which corresponds to the C-C 
aromatic stretches does not change. While the C-N stretch is often used in the 
quantification of the other polyimides as it is the largest peak in the spectrum,
131
 the 
trifluoromethyl groups from TFMB overlap with this peak, making quantification 
difficult and requiring use of the carbonyl stretch instead. As there is no initial peak for 
the imide carbonyl, the degree of imidization can be calculated as: 
 
Imidization = (A1783/ A1491)sample / (A1783/ A1491)cure                              (3.8) 
 
Where imidization is the fractional conversion of the ester groups to imides, A1783 is the 
area of the C-O stretch of asymmetric stretch of the imide carbonyl and A1491 is the C-C 
aromatic stretch used as an internal standard. Subscript “sample” after the ratio refers to 





Figure 3.24: Infrared Spectra of mPMDA-TFMB-EE (red) and resulting PI (black) after 
curing. Relevant peaks are highlighted. 
The degree of imidization in the 5% NVOC/ mPMDA-TFMB-EE resist was 
calculated by flood exposing films to 2 J/cm
2
 i-line radiation and post exposure baking 
(PEB) at various temperatures for 10 minutes. The results show that significant 
background imidization occurs in samples heated to 170°C (Figure 3.25). This is the 
point where thermal decomposition of NVOC piperidine becomes important, and is the 
likely reason why the contrast of the resist is higher at 150°C than 170°C despite the fact 
that base catalysis is more effective at higher temperatures. Also noteworthy from this 
experiment is the relatively low amount of imidization in the film; only 10% of the ester 
groups are converted to imides. This is in stark contrast to the more flexible base 
catalyzed PSPI developed by IBM that achieved imidization as high as 80%.
59-60
 
However, this required a PBG loading of 20%. It is remarkable that the mPMDA-TFMB-
EE films print with such a small amount of imidization.  
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Figure 3.25: Effect of PEB temperature on imidization in 5% NVOC/mPMDA-TFMB-
EE PSPI. Exposure dose: 2J/cm
2
 i-line. PEB time: 10 min.  
 
When attempting to print much thicker images, significant optical density 
problems began to appear. The absorbance of the NVOC piperidine photobase is quite 
large, and it does not photobleach at i-line.
68
 To quantify and model resist performance a 
series of parameters called the Dill parameters (alternatively called the ABC parameters) 
are used.
168
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where D is the film thickness, T(x) is the transmittance of the film at dose x, T12 is the 
transmittance of the air-resist interface, and dT/dE at E=0 is the initial change in 
transmittance of the film per exposure dose.
169
 The A and B values of the resist are the 
bleachable and non-bleachable absorption coefficients, respectively. The C value is the 
first order exposure constant describing how quickly the film reaches its final absorbance.  
 
 
Figure 3.26: Transmittance as a function of exposure dose for 1.7 μm thick film of 5% 
NVOC piperidine in mPMDA-TFMB-EE  
Figure 3.26 shows the transmittance at i-line as a function of exposure dose (i-
line) for a 5% NVOC piperidine PBG in mPMDA-TFMB-EE film 1.74 μm thick. The 
Dill parameters for this resist and values for typical i-line resists are included in Table 
3.3. As can be seen from the table, the Dill parameters for the NVOC 
piperidine/mPMDA-TFMB-EE system are vastly different from a typical i-line 
photoresist. The A value is negative, indicating that the resist actually becomes more 






























for patterning very thick films, especially combined with the relatively large B value. The 
B value is the portion of the film absorbance that does not change with exposure and is 
0.3 μm
-1
, meaning that patterning multiple micron thick films will fail due to the high 
optical density. The C value is also lower than a typical resist, indicating that the resist is 












A -0.042 0.9 μm
-1 
B 0.30 0.05 μm
-1 
C 0.0025 0.018 cm
2
/mJ 
Table 3.3: Dill parameters for a typical i-line resist
169
 and NVOC/mPMDA-TFMB-EE 
resist 
With the Dill parameters known, it is relatively straightforward to model the 
exposure of the resist in PROLITH software.
172
 A simulation of the image in resist for a 5 
μm line/space pattern in 1.5 and 15 μm thick films exposed with 365 nm light was 
performed, as shown in Figure 3.27. While the 1.5 μm film appears to print reasonably 
well with some slight undercutting, it is quite evident that the thicker film suffers from 
high optical density. This modeling predicts that very large doses would be required to 
print films thicker than about 5 μm, forcing a move toward less absorbent and more 
efficient PBGs for these PSPI. 
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Figure 3.27: PROLITH image in resist simulations of NVOC/mPMDA-TFMB-EE resist 
exposure at i-line for 1.5 micron film (left) and 15 micron film (right) 
Another major concern about the NVOC piperidine was the volatility of the 
piperidine base that is generated. Piperidine has a boiling point of 106°C, and as all post 
exposure baking has been performed at temperatures much above this, there was a 
concern that base may be evaporating out of the film and affecting the top surface of the 
film. Figure 3.28 shows SEM images of 15 μm and 20 μm full pitch L/S pattern in 12 μm 
thick 5% NVOC piperidine/mPMDA-TFMB. The material was printed on a mask aligner 
in hard contact mode using 2.1 J/cm
2
 i-line radiation and baked for 10 minutes at 160°C 
before being developed with 30% NMP/methanol. A fibrous material at the top surface of 
the film became increasingly noticeable at smaller pitches. We attributed this material to 





Figure 3.28: Surface defects in NVOC piperidine/mPMDA-TFMB-EE attributed to base 
volatility for 20 μm (left) and 15 μm (right) full pitch L/S patterns 
 
CINNAMIDE PHOTOBASE GENERATORS  
The low quantum efficiency, high optical density, and increase in optical density 
of NVOC upon exposure lead to the search for a new photobase generator. One of the 
more promising candidates was a series of cinnamide based PBGs that were originally 
developed as amine protecting groups for organic chemistry that could be cleaved with i-
line exposure.
173
 Work at Dai Nippon Printing showed that these materials could also 
print PAA, though loadings of 15 wt% PBG were required.
130, 132
 Additionally, the films 
printed were much thinner and at larger pitch than what was required for this project. 
Early studies of cinnamic acids showed that the cis form undergoes ring closure to 
the lactone and later kinetic data showed that the process follows general acid 
catalysis.
174
 Figure 3.29 shows the mechanism for conversion of a trans cinnamide to the 
lactone and amine. The issue with this process and the reason it was not considered as the 
initial PBG candidate for this project is the requirement for acid; using a PBG that 
requires acid to work appears counterintuitive. In the case of the PAA work at Dai 
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Nippon Printing, this was not a problem as the matrix resin already contained large 
amounts of carboxylic acid and work by Ueda showed that NVOC PBGs can pattern 
PAAs.
127
 It was also reported that unsubstituted cinnamide PBGs are not very efficient 
compared to 4-alkoxy derivatives
132
, so initial testing was performed with (E)-3-(2-
hydroxy-4-methoxyphenyl)-1-(piperidin-1-yl)prop-2-en-1-one (3.3a, Figure 3.30). 
 
 
Figure 3.29: Mechanism for the ring closing lactonization of cinnamides 
 
 
Figure 3.30: Synthesis of cinnamide type photobase generators 
The initial testing of the cinnamide piperidine PBG was to determine if it could 
function in the solid state without any acid in the film. Films containing a 5% loading of 
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PBG to polymer were cast on silicon and exposed to 365 nm light in the same manner as 
the NVOC testing. However, no visible changes occurred in the films and the resist 
would not develop using the NMP/methanol developer. To test the requirement of acid to 
produce images, dilute solutions of the PBG in THF containing no acid and containing 
1% acetic acid were exposed broadband UV light in quartz cuvettes and changes 
monitored by UV-Vis spectroscopy (Figure 3.31). The concentrations used were 97 μM 
and 96 μM, respectively. While the reaction in either case requires roughly the same 
exposure dose to reach completion, the UV spectrum is very different in the case where 
acid is present. In both cases exposure initially causes an isomerization from the trans to 
cis form. However, the ring closing lactonization appears to be slow or non-existent in 
the absence of acid and is not observed on the time scale of the experiment (~10 
minutes). It is interesting that the lactone formed has a similar extinction coefficient to 
that of the starting material, in comparison to the cis isomer formed in the pure THF 
exposure. The newly formed lactone ring has some aromatic character and appears to 
retain much of the conjugation of the initial trans cinnamide. This is in contrast to the cis 
cinnamide, which is sterically hindered and not in conjugation, resulting in a dramatic 





Figure 3.31: UV-Vis spectra of 3.3a exposed to UV light. a) in THF b) in 1% acetic 
acid/THF 
This new class of cinnamide PBG also allowed for easier implementation of less 
volatile piperidine derivatives than in NVOC PBGs. As shown in Figure 3.30, these 
PBGs were synthesized in multi-step process involving reaction of the base with 
chloroacetyl chloride to form an amide, refluxing the alkyl chloride with 
triphenylphosphine and then reacting with 2-hydroxy-4-methoxy benzaldehyde in a 
Wittig reaction. 4-Hydroxypiperidine and 4-piperidnylmethanol were particularly 
attractive bases as they both have boiling points above 200°C while having similar 
basicity and the low steric hindrance of piperidine. These materials have been reported in 
patents that describe a synthesis route that involves EDC coupling of a cinnamic acid 
with the desired amine,
175
 the same method as the unsubstituted piperidine cinnamide 
PBGs.
130, 132
 This method gives relatively poor, 30% yields for unsubstituted piperidine, 




The substituted piperidine cinnamide PBGs were tested for catalysis of 
imidization in films of mPMDA-TFMB-EE by IR spectroscopy. These films were cast 
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from 10% acetic acid in NMP and post apply baked (PAB) at 100°C for 10 minutes prior 
to exposure to 2 J/cm
2
 i-line radiation. As shown in Figure 3.32, both 3.3b and 3.3c 
imidized PMDA-TFMB ester films better than unsubstituted 3.3a at a constant 5wt% 
loading. We attribute this to the decreased volatility of generated base. The unexposed 
films performed essentially the same regardless of the cinnamide PBG used; there was 
very little imidization below 140°C, but imidization increased to over 10% at 160°C. The 
lower PEB temperatures for the cinnamide PBGs compared to NVOC are also 
noteworthy. Above about 140°C, trans cinnamides can isomerize and convert to the 
lactone, producing amine. Interestingly, the 4-hydroxypiperidine gave higher contrast 
than either the unsubstituted piperidine or the 4-piperidinyl methanol PBGs. This cannot 
be attributed to the very minor differences in molar concentration at constant 5wt% 
loading nor volatility as both bases are far below their boiling points. The smaller 
molecular size of hydroxypiperidine compared to piperidinyl methanol may explain the 
more efficient curing for 3.3b. The curing process requires diffusion of the generated 
amine catalyst and this process is quickly inhibited as the polymer imidizes and the glass 
transition temperature (Tg) increases. The diffusion of molecules in polymers scales 
strongly with the size of the diffusing molecule, especially in the case of glassy polymers 
(T < Tg) where the free volume is much lower.   
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Figure 3.32: Comparison of various cinnamide PBGs effect on curing of mPMDA-
TFMB-EE at 5% loading. Exposure dose was 2J/cm
2
 i-line and PEB for 10 
minutes.  
The catalyst loading of 3.3b was varied as shown in Figure 3.33. Only a minor 
difference is seen between the 5 and 10 wt% loadings but the 15 wt% loading performed 
significantly better. However, this amount of PBG causes noticeably more background 
imidization compared to both 5 and 10% loadings. It is also important to note the 
relatively small amount of imidization occurring in this system compared to other base-
catalyzed ester systems.
60
 The difference in imidization in the exposed and unexposed 
regions for this system is only about 15-20%. The lack of imidization compared with 
other PSPIs is likely due to the backbone rigidity of PMDA-TFMB compared to the more 
flexible polymers having decreased UV absorbance but larger CTE.  
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Figure 3.33: Comparison of curing for different loadings of 3.3b in mPMDA-TFMB-EE. 
Exposure dose was 2J/cm
2
 i-line and PEB time was 10 minutes. 







 and photobleaches unlike the NVOC PBG, resist performance was predicted to 
be much improved. To quantify the performance, the Dill parameters of a 7.0 μm thick 
film of 5% piperidine cinnamide PBG in mPMDA-TFMB-EE were determined. A film 
was cast from 10% acetic acid in NMP onto a quartz disc and the transmittance measured 
as a function of i-line exposure dose (Figure 3.34). The striking difference between the 
curve in Figure 3.34 versus that of NVOC (recall Figure 3.26) is that transmittance at i-
line increases upon exposure. The calculated Dill parameters are shown in Table 3.4 and 
compared with those calculated for the NVOC system. The photobleaching in the 
cinnamide system shows up as the positive A value. The B and C values are also closer to 
those of a standard i-line resist. While the non-bleachable absorbance is still large 
compared to an i-line resist, it is only about half that of the NVOC resist. The C value is 
about half the value of a typical i-line resist, meaning that the cinnamide resist requires a 
larger dose than commercial i-line resists, but it is still about three times larger than the 
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NVOC system. Taken together, these values mean that the cinnamide PBG should 
perform considerably better than the NVOC PBG, especially in thick film patterning. 
 
 
Figure 3.34: Transmittance as a function of i-line exposure dose for 7 μm thick films of 









A -0.042 0.15 μm
-1 
B 0.30 0.16 μm
-1 
C 0.0025 0.0082 cm
2
/mJ 
Table 3.4: Comparison of Dill parameters of NVOC and cinnamide PBG/PSPI systems 
 Thick films of cinnamide PBG in mPMDA-TFMB-EE were prepared similarly to 
those used in attempts at thick film patterning with NVOC piperidine (Figure 3.35).
68
 
Coatings were made from formulations containing 5wt% cinnamide PBG to mPMDA-
TFMB-EE dissolved in 10:90 acetic acid:NMP. Thick films (20 μm) were then spin-

























Exposure Dose (mJ/cm2) 
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10 minutes at 100°C to remove most of the solvent before being exposed to 1200 mJ/cm2 
i-line light in hard contact mode on a mask aligner. The exposed film was then baked for 
10 minutes at 130°C and developed in 1:3 NMP: methanol for 6 minutes. The film was 
then rinsed with methanol and fully cured in a vacuum oven at 350°C before being 




Figure 3.35: SEM micrographs of cured PMDA-TFMB printed using 5% cinnamide 3.3a. 
Fully cured thickness is 14 μm. a) and b) 8 μm lines; c) and d) 6 μm lines 
The images in Figure 3.35b and 3.35d clearly show a tapered profile with the lines 
thinning at the bottom of the film. Note that this is the opposite slope of that produced by 
 102 
the Rubner resist design. This is quite typical of negative tone resists where the 
absorbance of the resist is large at the exposure wavelength. This behavior was also 
observed in the NVOC printing,
68
 though the use of cinnamide PBG greatly improved 
image quality. Thick films of NVOC piperidine begin to delaminate from the surface at 
similar pitches, likely due to the more exaggerated tapered profile. The key advantage to 
this chemically amplified PSPI is clearly visible in the reduced cure shrinkage and ability 
to print high aspect ratio features that have mostly vertical sidewall profiles. However, at 
these thicknesses even the relatively low absorption from the mPMDA-TFMB-EE 
polymer is causing the tapered line profiles. An even less i-line absorbent polymer is 
needed. Alternatively, it may be possible to “tune” the side wall taper by trading for loss 
in post cure thickness by using longer (e.g. propyl or butyl) esters. 
 
COEFFICIENT OF THERMAL EXPANSION 
There are multiple methods for determination of the CTE of films. Among these 
thermomechanical analysis (TMA) and wafer deflection techniques are commonly used 
by the microelectronics industry. In TMA a free-standing film of material is maintained 
at constant tension while the temperature is cycled. This method measures the linear, in-






                                               (3.12) 
where L is the initial characteristic length (film thickness in this case) and T is the 
temperature. TMA analysis on PMDA-TFMB films was performed by Dr. Brandon 
Rawlings of Intel Corporation over the temperature range of 0-150°C (Figure 3.36). As 
can be seen in the figure, PMDA-TFMB has a very low in-plane CTE, about 6 ppm/K 
over this temperature range. This value is much lower than the project target of 30 ppm/K 
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and also even lower than the desired ITRS value of 12 ppm/K.
139
 It is also significantly 
lower than Kapton polyimide (20-40 ppm/K).  
 
 
Figure 3.36: In plane CTE of PMDA-TFMB. The dotted line represents the project 
maximum allowable value. 
To confirm these results, a wafer deflection experiment was performed at Georgia 
Tech by Dr. Mueller. In this experiment a wafer becomes bowed due to the differences in 
CTE between the film and the underlying substrate and the stress in the film measured as 











(𝐶𝑇𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝐶𝑇𝐸𝑓𝑖𝑙𝑚)                          (3.13) 
where dσ/dT is the change in stress with temperature and Ef/(1-γ) is biaxial modulus of 
the film. For PMDA-TFMB, Dr. Mueller found Ef/(1-γ) to be 5.12 GPa. The slope of 
Figure 3.37 is -0.0327 MPa/K, and the CTE of silicon is 2.6 ppm/K. This gives a CTE of 



























Figure 3.37: Stress versus temperature for 5.5 μm PMDA-TFMB film on silicon wafer 
 However, rigid aromatic PIs exhibit birefringence. The difference in the indices of 
refraction (Δn) of a material in different planes is the birefringence and this difference 
can reach up to 0.24 in extremely rigid PIs such as BPDA-PPD.
101, 135
 In PIs the 
birefringence results from the rigid polymer chains orienting in the plane of the substrate, 
giving uniaxial anisotropy where the properties of the material are different in the in-
plane and out-of-plane directions.
177-179
 Low stress PIs, that is PI that have low CTEs, 
exploit of this anisotropy. Along the polymer backbone there is limited stretching 
available to individual bonds, and due to the in-plane orientation of rigid PI chains, the 
CTE in the plane is extremely low. However, the weak interaction from stacking chains 
results in the out-of-plane CTE values being very large.
180-182
 Current ITRS goals for out-
of-plane CTE of 40 ppm/K are less demanding than in-plane requirements, though large 
values could likely lead to via delaminations.
139
 Dr. William Bell measured the z-axis 
CTE of PMDA-TFMB films by ellipsometry and found it to be 163 ppm/K over the 
























 However, this requirement is based on the assumption of 
isotropic modulus. The modulus of PIs in the out-of-plane direction is much lower than 
in-plane, so stresses generated will also be lower for the same CTE.
182
 
Typically dielectric packaging materials use a silica nanoparticle filler strategy to 
reduce the CTE, as silicon dioxide has a near zero CTE.
92
 Another possibility is use of 
cubic zirconium tungstate, which actually has a negative CTE between -273°C and 
777°C.183-184 The CTE is isotropic and quite large for a ceramic at -7.2 ppm/K. This 
material has already been shown to lower CTE in PI composites.
185-187
 However, the 
dielectric constant of ZrW2O8 is relatively large at about 10 and most of the films used 
large filler loadings.
188
 Finally we are also considering the addition of boron nitride 
nanotubes (BNNTs) as the filler. Not only do these nanotubes have a low dielectric 
constant and very low CTE, but also are thermally conductive and could improve heat 
management in 3-D architectures.
189-191
 However, experiments with this material are 
currently limited due to the high cost of BNNTs and the predicted large loadings required 
for significantly improved thermal conductivity. There is also some concern that long 
nanotubes could cause light scattering and adversely affect photo-patterning. Future work 
will focus primarily on BNNTs as filler material as our group has just recently 
demonstrated the ability to produce significant amounts of BNNTs by using carbon 
nanotubes as a sacrificial template. 
 
DIELECTRIC PROPERTIES 
Initial testing of the dielectric constant of PMDA-TFMB films was performed 
using ellipsometry in reflectance mode. Recall that for transparent materials the dielectric 




However, PIs tend to have polar groups and they absorb water, leading to dielectric 
constants at GHz and MHz frequencies being larger than those measured by optical 
methods. As modern electronic devices operate in GHz frequencies, other measurement 
techniques must also be used, though ellipsometry can be used for a quick and easy to 
perform estimate. Additionally, for many fluorinated PI the optical and GHz dielectric 
constants tend to be quite close.
146
 A graph of the estimated dielectric constant (n
2
) for 
cured PMDA-TFMB using a uniaxial model is shown in Figure 3.38. The anisotropy of 
the films is clearly visible in the about 0.4 difference between the n
2
 values for the 
ordinary (in-plane) and extra-ordinary (out-of-plane) components. In the case of PMDA-
TFMB the birefringence is about 0.14 at 633 nm, representing a particularly anisotropic 
polyimide. Also, at this wavelength both of the in-plane and out-of-plane values are less 
than 3.0, meaning that PMDA-TFMB should meet the project requirements. The value in 
the literature for this material of 2.6 is also different from the 2.37 out-of-plane value 
measured by ellipsometry.
134-135
 However, the literature values were determined using 
parallel plate capacitors operating at 1 MHz, and should have a larger dielectric constant 





Figure 3.38: Estimate of the dielectric constant of PMDA-TFMB at optical wavelengths 
by ellipsometry 
We currently do not have the ability to test the dielectric constant and dissipation 
factor of films at microwave frequencies, so materials were sent to Dr. Brennan Mueller 
at the Georgia Institute of Technology and Mr. Dave Zhang at Intel Corporation for 
measurement. At Georgia Tech, parallel plate capacitance measurements were performed 
at 200 kHz while Intel provided data at GHz range frequencies using a split-post 
dielectric resonator (SPDR).
192-194
 By building a parallel-plate capacitor, the out-of-plane 
dielectric constant is measured, while SPDR gives the in-plane values. The results for the 
dielectric constant and dissipation factor are shown in Figure 3.39. Interestingly, the 
values obtained from the capacitor method are larger than those reported in literature.
134
 
PMDA-TFMB is known to have a water absorption around 2%
135
, and the literature 
values for dielectric constant were obtained in 0% relative humidity after drying for two 
days. Dielectric constant measurements at Intel Corporation were performed under 


















Arizona, the relative humidity was likely very low. The measurement of the lower in-
plane dielectric constant may have hidden some the effects of water absorption as well.   
 
 
Figure 3.39: Dielectric properties of fully cured PMDA-TFMB 
Water absorption was very evident for the films tested at Georgia Tech, however. 
Dr. Mueller noticed that immediately upon removing films from a vacuum oven 
following a dehydration bake, both the dielectric constant and dissipation factor began to 
quickly increase (Table 3.5). This allowed only a few measurements over the course of 









3.16 ± 0.05 
 
0.0162 ± 0.0005 
 
Dried (150°C in vacuum, 2h) 2.89 ± 0.04 0.0106 ± 0.0004 










































Overall, PMDA-TFMB appears to meet the dielectric requirement as it is below 
3.0 in the GHz range in the plane. Undoubtedly, water absorption is the cause of 
discrepancy between literature values and those reported here. The dissipation factor is 
also slightly larger than the project goal of 0.01, though this is also likely due to water in 
film. Water exhibits very large dielectric loss at microwave frequencies, so even a small 
amount of water in the film will greatly increase the dissipation factor.
158
 As the package 
is not hermetically sealed, a method of lowering water absorption is required. This has 






A directly patternable polyimide based system was demonstrated. This system 
was able to provide patterned fluorinated poly(amic esters) using only a minimal amount 
of photobase generator to generate a negative-tone chemically amplified photoresist. 
Substituting PMDA-TFMB for PMDA-ODA improved film transparency and allowed for 
features as small as 2.5 μm to be resolved in thin films and features with an aspect ratio 
of 2.0 in 14 μm thick films. A summary of the project goals and our current progress 
using this system is shown below in Table 3.6. New, less water absorbent polymers are 
the topic of Chapter 4. In plane CTE measurements are well within the target, however, 
out of plane CTE is large. The reader is directed to the thesis of Dr. William Bell for a 
more through discussion of z-axis CTE.
68
 Finally, the cure temperature requirement was 
not discussed in this chapter, but it is an important consideration for device integration. 
Our work using organic and inorganic salt catalysts to reduce the curing temperature of 







εr < 3.0 3.0 
DF < 0.01 0.015 
CTE < 30 ppm/K 6 
Water abs. < 1% 2 
Resolution 5 μm 2.5 
Aspect ratio 3 2 
Table 3.6: Summary of project goals and data obtained for PMDA-TFMB PSPI system. 
Green shading indicates that the target has been met. Yellow indicates 





All solvents and regents were obtained from commercial sources and used as 
received, unless otherwise specified. ONB PBG, PMDA-TFMB para ethyl ester polymer, 
and PMDA-ODA para ethyl ester polymer were prepared by Dr. William Bell. DCM was 
distilled from CaH2 while THF and DMF were purified by eluting through an alumina 
column solvent delivery system under argon. NMP was vacuum distilled from P2O5. 
TFMB monomer was purified by sublimation prior to use. Reactions were run in flame-





spectra were obtained on a Varian Unity Plus 400 MHz instrument. Solvent proton peaks 
are used as the internal standard (CDCl3 
1
H 7.26 ppm, 
13





C 39.5 ppm). HRMS (CI) was performed on a VG analytical ZAB2-E instrument 
and HRMS (ESI) on an Ion Spec FT-ICR instrument. All MS data was obtained by ESI 




4,5-dimethoxy-2-nitrobenzyl piperidine-1-carboxylate (NVOC piperidine)  
Prepared in a slight modification to literature procedure.
195
 Nitroveratraldehyde 
(5.0g, 23.6 mmol, 1 eq) was reduced to the benzyl alcohol by addition of small portions 
of NaBH4 (total: 1.5g, 2 eq) in 100 mL THF. After the reaction was complete by TLC, the 
solution was partitioned between sat. NH4Cl(aq) and EtOAc. The organic phase was 
collected and the solvent removed in vacuo. to obtain 4.76g (94%) of nitrovertyl alcohol. 
The alcohol (1.5g, 7 mmol, 1 eq) was then dissolved in 40 mL THF and added dropwise 
to a 15% solution of phosgene in toluene (15.1mL, ~21 mmol, 3 eq) at 0°C overnight. 
The excess phosgene was then removed by flowing dry nitrogen over the solution and the 
rest of the solvent removed in vacuo to obtain 1.90g (98%) of the chloroformate. Finally, 
the crude chloroformate (500mg, 1.81 mmol) was dissolved in 5 mL DCM at 0°C and 
piperidine (0.43mL, 2.4 eq) was added dropwise. After completion of the reaction, the 
solution was washed with 1N HCL, then brine, dried over Na2SO4, filtered, and the 
solvent removed to obtain the title compound as a light yellow powder (0.500g, 87%). 
1
H 
NMR (CDCl3) δ 7.69 (s, 1H), 6.98 (s,1H), 5.52 (s, 2H), 3.96 (s, 3H), 3.95 (s, 3H), 3.47 
(br s, 4H), 1.65-1.51 (m, 6H); 
13
C NMR (CDCl3) δ 154.6, 153.3, 148.0, 139.9, 128.5, 
110.1, 108.2, 63.9, 56.4, 56.3, 45.0, 25.6, 24.3 HRMS (ESI) [M+Na]
+






Prepared according to literature procedure
130
. Recrystallized from ethanol to obtain a 
slightly yellow solid in 22% overall yield. 
1
H NMR (DMSO) δ 10.17 (br s, 1H), 7.66 (d, 
1H), 7.57 (d, 1H), 7.01 (d, 1H), 6.39 (m, 2H), 3.70 (s, 3H), 3.55 (m, 4H), 1.58 (m, 2H), 
1.46 (br s, 4H); 
13
C NMR (DMSO) δ 165.4, 161.7, 157.9, 137.1, 129.8, 115.6, 114.8, 
106.1, 101.4, 55.5, 46.4, 43.0, 27.0, 25.9; HRMS (ESI) [M+Na]
+






4-hydroxypiperidine (4.0g, 19.8 mmol, 1 eq) was dissolved in 150 mL of EtOAc and 75 
mL of sat. aq. Na2CO3 was added to obtain a biphasic mixture. Chloroacetyl chloride 
(2.4mL, 29.6 mmol, 1.5 eq) was then added dropwise over 5 minutes. The reaction was 
complete after 4 hours by TLC. The organic layer was separated, dried with Na2SO4, and 
the solvent removed in vacuo to obtain 3.2b as a slightly yellow oil (3.08g, 88%).   3.2b 
was then heated to 80°C overnight with triphenylphosphine (4.55g, 17.3mmol, 1 eq) in 
100 mL toluene. After cooling to room temperature, the solvent was decanted to obtain a 
slightly oily white solid that was placed in high vacuum to remove the remainder of the 
toluene. The salt (4.66g, 10.6 mmol) was diluted with methanol and then 2-hydroxy-4-
 113 
methoxybenzaldehyde (1.61g, 10.6 mmol, 1 eq) was added. Finally, 0.6g KOH (10.6 
mmol, 1 eq) dissolved in 50 mL methanol was added to form a bright yellow solution. 
After consumption of the starting material as monitored by TLC, the solvent was 
removed in vacuo and the crude material purified by flash chromatography (5:95 
MeOH/DCM) to obtain 0.93g (32%) of the title compound as an off white solid. 
1
H NMR 
(DMSO) δ 10.06 (br s, 1H), 7.67 (d, 1H), 7.58 (d, 1H), 7.02 (d, 1H), 6.39 (m, 2H), 4.73 
(br s, 1H), 4.00 (br s, 2H), 3.70 (s, 3H), 3.67 (m, 1H), 3.23 (br s, 1H), 3.05 (br s, 1H), 
1.72 (br s, 2H), 1.28 (br s, 2H); 
13
C NMR (DMSO) δ 165.6, 161.8, 158.0, 137.2, 129.8, 
115.5, 114.7, 106.2, 101.5, 66.2, 55.5, 43.0, 35.5, 34.5; HRMS(ESI) [M+Na]
+
 calcd: 





Prepared as described for 3.3b using 4-piperidinylmethanol in place of 4-
hydroxypiperidine. Recovered white powder in 29% overall yield after chromatography 
(MeOH/DCM).; 
1
H NMR (DMSO) δ 10.06 (br s, 1H), 7.67 (d, 1H), 7.58 (d, 1H), 7.01 (d, 
1H), 6.40 (m, 2H), 4.47 (br s, 2H), 4.18 (br s, 1H), 3.70 (s, 3H), 3.24 (d, 2H), 2.99 (m, 
1H), 2.57 (m, 1H), 1.62 (m, 3H), 1.00 (br s, 2H); 
13
C NMR (DMSO) δ 165.5, 161.7, 
158.0, 137.1, 129.8, 115.6, 114.9, 106.2, 101.4, 66.0, 55.5, 49.0, 30.1, 29.0; HRMS (ESI) 
[M+Na]
+






In a 1L round bottom flask, PMDA (100 g, 458 mmol) was refluxed overnight in 400 mL 
ethanol. The solvent was then removed in vacuo. to obtain a white powder. 425 mL of 
EtOAc was then added to the powder and the suspension was heated at 90°C for 30 
minutes with vigorous stirring. The heating was stopped and the solution was stirred 
overnight. After filtering the precipitated, para-enriched isomer, the solvent from the 
mother liquor was removed, leaving a white solid containing 66.7g (46.3%) of 90:10 
meta: para isomer mixture by NMR. The para isomer is symmetric and has only one 
aromatic peak at 7.98 ppm while the meta isomer has two aromatic peaks at 8.08 and 
7.90 ppm. 
1
H NMR (400 MHz, DMSO) δ 13.80 (br s, 2H), 8.08 (s, 1H), 7.90 (s, 1H), 
4.30 (q, J = 7.1 Hz, 4H), 1.29 (t, J = 7.1 Hz, 6H). 
13
C NMR (101 MHz, DMSO) δ 166.8, 
166.3, 135.0, 134.1, 129.6, 128.3, 62.0, 13.9. HRMS [M+Na]
+




Diethyl 4,6 dichloroisophthalate  
The meta-enriched isomer (10.0g, 32.2 mmol) was then dissolved in 125 mL ethyl acetate 
and a drop of DMF was added. The solution was then heated to 50°C and oxalyl chloride 
(8.3 mL, 97 mmol) was added dropwise over 10 minutes. After the bubbling had ceased, 
the solvent and excess oxalyl chloride were removed in vacuo. The crude diacid chloride 
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was then treated with activated charcoal and recrystallized twice from hexanes to obtain 
8.50g (76%) of shiny, snow-white flakes of the title compound in a 95:5 meta: para ratio. 
1
H NMR (CDCl3) δ 8.38 (s, 1H), 7.93 (s, 1H), 4.45 (q, 4H), 1.42 (t, 6H); 
13
C NMR 
(CDCl3) δ 166.6, 163.7, 139.7, 132.1, 131.6, 126.8, 63.2, 13.8 
 
PMDA-TFMB Ester Polymerization 
Precursor poly(amic ester) was prepared using a slight modification of the 
literature procedure.
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2,2’ Bis(trifluoromethyl)benzidine (TFMB, 1.50g, 4.69 mmol, 1 
eq) was dissolved in 45 mL NMP then cooled to 0°C. A solution of 5 (1.63g, 4.69 mmol, 
1 eq) in 7 mL THF was then added dropwise over 15 minutes. After the addition was 
complete, pyridine (0.75mL, 2 eq) was added dropwise and the reaction was stirred at 
room temperature overnight. The solution was precipitated into water, filtered, washed 
with water, methanol and ethyl acetate, and then dried at 50°C for 2 days in vacuo to 
obtain 2.79g of a white solid (97%).  
 
Films and Exposures 
Formulations were prepared by dissolving resist polymer and photobase in NMP 
for NVOC PBG or 10 wt% acetic acid in NMP for the cinnamide PBGs. The PBG 
loading was 5 wt%, and total solids loading was adjusted to 15-30 wt% to achieve 
varying film thicknesses. Silicon wafers were surface functionalized by coating them 
with neat (3-aminopropyl)triethoxysilane (APTES) and letting the neat APTES remain on 
the wafers for 1 minute prior to rinsing off the excess APTES with isopropanol. Then 
films were cast on the APTES coated wafers by spin-coating at 1500 rpm. Excess solvent 
was removed by a post apply bake at 100°C for 10 minutes. Patterned exposures were 
performed using a Suss MA6 near UV mask aligner. Exposed films were then baked on a 
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hot plate for 10 minutes at 130°C (cinnamide PBG) or 160°C (NVOC PBG). The films 
were then developed in a solution of 30% NMP in methanol. Final curing was performed 
at 350°C in a vacuum oven for 1 hour.  
 
Degree of Imidization by IR Spectroscopy 
 Formulations were prepared using either a 5:95 cinnamide PBG:polymer in 10:90 
AcOH:NMP solution or a 5:95 4:polymer solution in NMP; both at 10 wt% total solids. 
The solutions were spincoated (1500 rpm) onto APTES treated wafers and baked for 2 
minutes at 100°C to obtain films approximately 800 nm thick. Half of the samples were 
exposed to 2 J/cm
2
 of 365 nm filtered light from a Novocure 2100 spot curing system and 
then baked alongside unexposed samples at each temperature (120-170°C) for 10 
minutes. All the films were then measured on a ThermoSci Nicolet 6700 FT-IR in 
transmission mode before being fully cured overnight at 350°C in a vacuum oven. No 
imidization was observed in samples after the post apply bake at 100°C. The degree of 
imidization was then calculated by: 
 
Imidization = (A1783/ A1491)sample / (A1783/ A1491)cure                                              (1) 
 
where imidization is the fractional conversion of the ester groups to imides, A1783 is the 
area of the C-O stretch of asymmetric stretch of the imide carbonyl and A1491 is the C-C 
aromatic stretch used as an internal standard in the study. Subscript “sample” after the 
ratio refers to the polymer baked at each temperature for 10 minutes. “Cure” refers to the 





 Exposure doses were measured using a Coherent FieldMaxII-TO with PowerMax 
PM3 detector. Dielectric constant measurements at 200 kHz were performed by 
capacitance: a 450 nm film (after full cure at 350°C overnight) of PI was spincoated onto 
a 300 nm Al coated wafer containing 500 nm of thermal oxide. 300 nm Al was 
evaporated on top of the film through a mask to complete the capacitors. Split post 
dielectric resonance (SPDR) measurements were performed on free-standing films using 
a series of GHz range SPDR fixtures (Agilent/Keysight) with an Agilent N5277A 
analyzer. Coefficients of thermal expansion were obtained using both wafer bow and 
thermomechanical analysis methods. In the wafer bow method PI was cured on a Si 
wafer and the stress as a function of temperature was obtained using a Flexus F2320 and 
the CTE calculated as previously reported.
196
  Thermomechanical analysis was performed 
on a TA Instruments Q400. UV-visible spectra of thin films on quartz were obtained 
using a ThermoSci Evolution 220 UV-visible spectrometer. Thin film thicknesses were 
obtained using a JA Woolam, Inc. VASE ellipsometer. Thicker films were measured 
using a Veeco Dektak profilometer. SEM micrographs were obtained using a Hitachi S-
4500 SEM at 5kV accelerating voltage; Au/Pd was sputter coated on films prior to 
imaging to prevent charging.  
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Chapter 4: Alternatives to Base-Catalyzed PMDA-TFMB System  
 
POSITIVE TONE PMDA-TFMB PSPI 
The relatively low imidization contrast for the base catalyzed system along with 
the accompanying development issues lead us to consider a positive tone variant of 
PMDA-TFMB. The use of DNQ containing additives in PSPI was deemed unacceptable 
due to the high loading required (~30%) and the accompanying detrimental effect on both 
dielectric and CTE properties.
104-105
 The requirement of using either PAA or pre-imidized 
polymers containing acidic groups was also undesirable for the same reasons, so only a 
chemically amplified scheme was considered. As discussed previously, this typically 
utilizes t-butyl or tetrahydropyranyl protected phenols or carboxylic acids. Protected 
hydroxyimides were ruled out due to the permanent phenol groups present in the material 
that would both absorb water and generate higher dielectric constant polymers. This left 
the PMDA-TFMB t-butyl ester polymer (mPMDA-TFMB-tBu)/ photoacid generator 
system as the only material that would likely satisfy the project goals (Figure 4.1). 
 
 
Figure 4.1: Proposed mPMDA-TFMB-tBu polymer for use as a positive tone PSPI  
Polymers prepared from the di t-butyl ester of PMDA are quite rare and have been 
primarily investigated by AT&T Bell Laboratories.
197-200
 Additionally, all of the materials 
were either polymers of ODA, methylene dianiline (MDA), or various derivatives of 
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ODA. All of these polymers were also prepared by use of phosphoryl condensing agents 
originally developed for peptide coupling (Figure 4.2).
201-203
 These condensing agents 
work by first deprotonating a carboxylic acid to generate an anion which attacks the 
condensing agent, breaking the P-N bond and releasing the benzoxazolone derivative 
(Figure 4.3). The resulting mixed carboxylic-phosphoric anhydride is very reactive and 
will react with any available nucleophile. This can be either the desired reaction were the 
anhydride reacts with an amine to form the amide, or the undesired side-reaction in which 
it reacts with the benzoxazolone derivative. This side-reaction is typically much less 






Figure 4.2: Phosphoryl condensing agents used amide and amic ester polymers 
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Figure 4.3: Mechanism of DBOP condensing agent 
Despite the expected poor nucleophility of TFMB, there is one Japanese patent 
that claims to have produced an amic ester polymer containing TFMB using DBOP.
204
 
However, other groups have reported only moderate yields from coupling the analogous 
3-trifluoromethyl aniline with carboxylic acids using similar condensing agents, and the 
formation of polymer would require essentially quantitate yields.
205
  
We tried to condense PMDA t-butyl ester with TFMB in NMP using DBOP and 
TEA. However, there was no noticeable change in viscosity and nothing precipitated after 
pouring the reaction mixture into methanol. Other condensing agents including PPBT, 
PCl3, EDC, carbonyl diimidazole and triphenyl phosphite were attempted, but no polymer 
was formed in any of these cases. To confirm that the condensation reaction worked, 
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PMDA-ODA t-butyl ester polymer (pPMDA-ODA-tBu) was prepared using DBOP in the 
method of Ueda.
199
 The reaction became viscous and produced a bright yellow precipitate 
upon pouring into methanol. 
The inability to form PMDA-TFMB ester polymers by condensing agents lead us 
back to considering a more activated acid chloride route. Originally we were concerned 
that the acid chloride route would be incompatible with t-butyl esters. T-butyl groups are 
cleaved by acid and hydrochloric acid would be produced during both the acid chloride 
and the polymer syntheses (Figure 4.4). While the HCl is neutralized by the pyridine in 
the polymerization, the HCl formed during preparation of the acid chloride was a major 
concern. Initial attempts to form the acid chloride in the same manner as the other alkyl 
esters
119
 by reaction with oxalyl chloride in EtOAc at 50°C were unsuccessful. However, 
running the chlorination reaction at 0°C in THF and using the crude acid chloride product 
in the polymerization produced moderate molecular weight polymer (Mn = 12,900, DMF 
GPC, PS stds). Attempts to isolate the intermediate acid chloride by recrystallization 
prior to polymerization were unsuccessful and produced a white insoluble solid. 
 
  
Figure 4.4: T-butyl PAE synthesis via acid chloride route 
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The polymer was tested as a photoresist by the addition of 5% triphenylsulfonium 
nonaflate PAG (TPS Nf) and casting a film from DMSO. The film was then divided into 
small samples and IR spectra obtained for after exposure to 3 J/cm
2
 broadband UV 
radiation and baking at 140°C for 3 minutes as well as unexposed controls (Figure 4.5, 
red and orange traces). There was no noticeable difference between the spectra. The peak 
at just below 3000 wavenumbers represents the alkyl C-H stretches and there is no 
difference between unexposed, exposed, and as cast films. The polymer is still fully 
protected, even after exposure and subsequent PEB. This could be due to the presence of 
small amounts of NMP remaining in the polymer after synthesis or the DMSO solvent 
acting as a quencher. To test if the polymer is acid sensitive, one drop of pure 
trifluoroacetic acid was added on top of the film and it was baked at 140°C to determine 
if the t-butyl groups would cleave. The blue trace in Figure 4.5 shows that the t-butyl 
groups were removed, and that this material could work as a positive tone resist. 
Unfortunately, the only solvents able to dissolve PMDA-TFMB-tBu were either DMSO 





Figure 4.5: IR Spectra of mPMDA-TFMB-tBu ester with 5% TPS Nf PAG. Green) as 
cast. Orange) unexposed and baked at 140°C. Red) exposed to 3 J/cm2 
broadband UV and baked at 140°C. Blue) 1 drop TFA added and baked at 
140°C 
 
LOWER WATER ABSORPTION AND MORE TRANSPARENT POLYIMIDES 
Many common polyimides and even some fluorinated polyimides have significant 
water absorption.
134-135, 148
 Much of this water absorption can be traced back to the polar 
imide groups of the polymer. Water absorptions of around 1-4% are typical for most 
commercial PIs. In the mid-1990s it was found that replacing TFMB with TFMOB 
resulted in about 50% lower water absorption for the same dianhydride (Figure 4.6).
134
 
Using longer perfluorinated sidechains decreased water absorption and the dielectric 




Figure 4.6: TFMB and TFMOB monomers 
Initially TFMOB and other fluorinated ethers of benzidine were developed to 
improve the polmerizability of greatly electron deficient diamines.
134, 148
 This is due to 
the considerably lower electron withdrawing power of the –OCF3 group compared to –
CF3.
206
 The –OCF3 group is also remarkable in its incredible chemical and thermal 
stability, making it useable in high temperature polymers.
207
 Indeed TFMOB was used as 
one of four monomers in the so-called fluorinated polyimide (FPI) developed as an 
interlayer dielectric from a collaboration between DuPont, Sematech, and UT-Austin.
41, 
135, 208
 However, there are a few downsides to incorporating TFMOB in the base 
catalyzed patterning scheme. TFMOB is significantly more expensive to produce and is 
not commercially available at present. Additionally, preparing this material on a lab scale 
is not safe due to the required use of pressurized anhydrous HF as the reaction solvent.  
After obtaining a small amount of TFMOB from a Japanese supplier, it was 
polymerized with PMDA diethyl ester diacid chloride and the UV spectrum was 
compared to that of PMDA-TFMB and BPDA-TFMB ethyl ester PAEs (Figure 4.7). As 
shown in the figure, substitution of TFMOB for TFMB is quite detrimental to absorbance 
at 365 nm. An increase of about 40% is observed using PMDA as the dianhydride, ruling 
out incorporation of TFMOB for thick film patterning. The BPDA-TFMB UV spectrum 
is also shown in Figure 4.7. This polymer is reported to have a CTE of 20 ppm/K and 




TFMOB has a CTE that is too large for our purposes and was not considered for further 
testing, despite its low water absorption of 0.6%.   
 
 
Figure 4.7: UV spectra of poly(amic ethyl esters) of TFMB and TFMOB  
BPDA-TFMB ethyl ester was further investigated due to the significantly lower i-
line absorbance than PMDA-TFMB. Like most other aromatic PIs, the absorbance in 
these system can also be traced back to charge transfer complexes. BPDA has two 
features that help to break up these CTCs. The biphenyl backbone of the polymer adds 
some flexibility and twists the backbone slightly, breaking up conjugation both intra- and 
inter-molecularly. The price is a moderate increase in the CTE. The UV transparency is 
aided by electronic effects as well. In PMDA a single aromatic ring has four very 
strongly electron withdrawing carbonyl groups attached, making the ring a particularly 
strong electron acceptor. Indeed, not many dianhydrides are known that are more electron 
deficient and rigid.
209



























significantly lowering the electron deficiency. As the biphenyl bond is rotatable, the 
conjugation between the two rings is limited. 
Implementation of BPDA as PAEs is much more difficult than in PMDA due to 
purification issues. In the first step of making diester diacid chloride monomers, the 
dianhydride is refluxed in an alcohol to form a diester diacid, as shown previously in 
chapter 3. In the case of PMDA, only two distinct isomers are produced, and they are 
easily separable by fractional crystallization. However, for dianhydrides not having a 
plane of symmetry through the two anhydrides, three isomers form (Figure 4.8). The 
relative ratio of each isomer depends on the electron affinity of the bridging group 
between the two phthalic anhydride ends.
210
 Electron withdrawing groups such as –SO2– 
favor attack on the para carbonyl whereas electron rich groups such as –O– result in more 
meta attack. In the case of BPDA, the directing effect only slightly favors meta attack, 
resulting in a ratio close to the 1:2:1 m,m: m,p: p,p ratio if there was no preference. As 
much of each isomer is present, selective crystallization is difficult, and unworkable in 
our hands for esters other than methyl version. Indeed the only literature report appears to 
be for the pure meta, meta isomer due to its lower solubility,
211
 though isolation requires 
a series of recrystallizations to get the pure isomer. However, this isomer is less useful as 
it results in a rigid rod polymer due to polymerization occurring across the para acid 
chloride groups. Likely, polymerizations using TFMB would give the same rough films 
and light scattering observed in the case of para PMDA-TFMB ethyl ester polymer. 
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Figure 4.8: Isomers formed during reaction of BPDA and alcohols 
 
 The BPDA-ethyl ester isomer mixture was therefore used without purification to 
form the acid chloride in the same manner PMDA esters. However, after the reaction and 
subsequent treatment with activated carbon to remove colored impurities, only a slightly 
yellow oil could be obtained; no crystalline product was formed. The crude acid chloride 
mixture was then polymerized with TFMB to obtain fairly low molecular polymer (Mn~5 
kDa) in only 23% yield. The extremely low yield is likely due to impure monomers. 
Much of the oligomeric material that formed was likely even lower molecular weight that 
did not precipitate into methanol. Casting thick films of this polymer also proved to be 
difficult. During organic development this low molecular weight material cracked badly 
(Figure 4.9). Work at IBM has shown that this cracking is due to solvent induced 
swelling at the top of the film.
212
 As the diffusion of solvent to the bottom of thick films 
is slow, the top of the film expands much more than the bottom. This generates a 
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significant stress which is released as cracks in the film. The inability to develop thick 
films of BPDA-TFMB-EE led to the abandonment of this approach. 
 
 
Figure 4.9: Cracks formed during development of low molecular weight 10 μm thick 
PAE film 
 
CYCLOBUTANE DIANHYDRIDE POLYMERS 
Aliphatic and cycloaliphatic monomers have been proposed as a way to obtain 
more transparent polyimides due to removal of charge transfer complexes.
213
 Typically 
this is done by substituting either an aliphatic diamine or dianhydride, or both.
101, 214-222
 
While a variety of different non-aromatic monomers have been reported, most tend to 
suffer from high CTEs, low Tg and low thermal stability. Much of this can be attributed 
to the increased flexibility and non-planar nature of the polymer chains and the 
subsequent lack of alignment during curing. The only truly rigid cycloaliphatic low CTE 
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monomers available are 1,2,3,4-cyclobutanetetracarboxylic dianhydride (CBDA) and 
trans 1,4-cyclohexyldiamine (tCHDA).  
 The use of aliphatic monomers presents new challenges to preparing PIs. Alkyl 
amines such as tCHDA are much more basic than aromatic amines. When polymerized 
with many dianhydrides, carboxylic acid groups begin to form as the poly(amic acid) is 
produced. These alkyl amines are sufficiently basic that they form salts with the newly 
formed carboxylic acids and tend to form ionically crosslinked networks that precipitate 
out of solution.
215, 223
 The reaction of cycloaliphatic dianhydrides with aromatic amines 
tends to have the opposite problem. The prototypical aliphatic dianhydride, 
bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (BTA) has poor reactivity 
with many diamines and often leads to insufficiently low molecular weights for film 
forming.
220-221, 224
 CBDA and its derivatives are actually fairly unique among non-
aromatic dianhydrides in their ability to create high molecular weight polymers with 
aromatic diamines.
101, 223, 225
 This is due to the large ring strain in CBDA compared with 
other alicyclic dianhydrides. The degree of polymerization using alicyclic dianhydrides 
scales with the degree of ring strain in the monomer.
226
 
 Our desire to substitute CBDA for PMDA in patterning was based on the 
remarkable material properties of CBDA-TFMB, which meet all the material 
requirements laid out in the project. The CTE is 20.7 ppm/K, water absorption is 0.39%, 
the dielectric constant at optical frequencies is 2.66 and the material is stable to 450°C.101 
The polymer is also completely insoluble in organic solvents and could supply 
development contrast in our patterning process. Most important, however, is the optical 
transparency of the films. Even the fully thermally cured material is completely colorless, 
as shown in Figure 4.10. The UV-Vis spectra of 25 μm films of CBDA-TFMB and a 




 The DuPont prototype film is slightly yellow and, due to its higher 
refractive index, transmits less light at optical wavelengths than CBDA-TFMB. 
 
 
Figure 4.10: Free standing film of CBDA-TFMB on white background 
 
Figure 4.11: UV-Vis spectra of CBDA-TFMB and DuPont transparent PI 
We first set out to simply replace CBDA for PMDA in the base catalyzed ethyl 


























available from a few sources in small quantities and at very high prices considering the 
apparent simplicity of the monomer. For initial testing, a small batch was prepared by the 
dimerization of maleic anhydride, as shown in Figure 4.12. Researchers at Nissan 
Chemical Industries optimized the process as they were originally interested in new 
polymers for liquid crystal alignment layers.
214, 226
 They also showed that by using 
EtOAc as the solvent, pure trans CBDA can be precipitated out of solution while the cis 
CBDA remained in solution. The trans form is more desirable as it gives more rigid 
polymers and, as the anhydride groups are on opposite sides of the cyclobutane ring, 
better polymerizability due to decreased steric interactions. Further references to CBDA 
will strictly refer to the trans isomer. Also noteworthy is that the [2+2] cycloaddition used 
to form the cyclobutane ring is reversible. UV light used in the reaction must be filtered 
to remove shorter wavelengths to suppress the electrocyclic ring-opening reverse 
reaction, and Pyrex glass effectively filters those wavelengths, giving much improved 
yields over quartz.
214
 Indeed, the electrocyclic ring opening reaction has even been used 
to pattern CBDA containing polyimides as the polymer is cleaved by deep UV light.
225, 
228
 While we were able to synthesize CBDA at UT, the reaction is very long with our 
weak light sources and only generated a few grams of product after days of continuous 
UV exposure. Eventually, a collaboration with Nissan Chemical Industries provided us 
with large quantities of this valuable monomer. 
 
 
Figure 4.12: Synthesis of CBDA  
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Attempts to prepare the analogous ethyl ester monomer of trans CBDA were 
unsuccessful. When refluxed in an alcohol, a mixture of 3 products is produced: the 1,3 
compound as well as both enantiomers of the 1,2 product (Figure 4.13). The resulting 
crude mixture could not be separated easily; attempted fractional crystallizations only 
resulted in oils. Polymerization of the crude acid chloride mixtures with TFMB resulted 
in low molecular polymers that were somewhat soluble in methanol. However, the 





Figure 4.13: Isomeric products of CBDA alcoholysis  
However, the dimethyl ester polymer of CBDA-TFMB (CBDA-TFMB-ME) was 
also soluble in MeOH and most other common solvents with the exceptions of water and 
hydrocarbons. The UV spectrum of a film of CBDA-TFMB-ME is shown in Figure 4.14, 
and it appears to be basically identical to the fully cured film meaning that CTCs have 
been eliminated in this system. This ester polymer is transparent down to about 340 nm, 
so there will not be optical density problems due to the matrix resin for photoresists 
utilizing this polymer. We attempted patterning of this material using a 5wt% NVOC 
piperidine PBG loading in CBDA-TFMB-ME using a 1.5 J/cm
2
 broadband UV exposure 
and post exposure baking for 10 minutes at 160°C, similar conditions to PMDA-TFMB-
EE printing. However, we were unable to find a developer for this system. All solutions 
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we attempted would either clear both exposed and unexposed regions, clear neither, or 
give scummy residues, likely due to significant swelling.  
 
 
Figure 4.14: UV-Vis spectrum of CBDA-TFMB-ME 
At first we thought the poor contrast was due to a poor solubility difference 
between the ester and imide forms. To confirm that the NVOC PBG was indeed 
imidizing the CBDA-TFMB-ME resist, we tracked the curing by IR spectroscopy (Figure 
4.15). The bands of interest in this system lie at 1780 and 1370 cm
-1
, and are shown 
magnified in Figure 4.16. These correspond to the imide carbonyl asymmetrical stretch 
and the C-N imide stretch, respectively. When comparing the exposed and unexposed 
films, there was no change upon UV exposure. There was also no noticeable imide 
carbonyl stretch nor C-N stretch whatsoever in the exposed films. While the imide 
carbonyl stretch is weak even in fully cure films (blue traces), the C-N stretch is quite 




























Figure 4.15: IR spectra of 5wt% NVOC PBG/CBDA-TFMB-ME system. Films were 
exposed to 1.5J/cm
2
 broadband UV and PEB at 160°C for 10 min. 
 
Figure 4.16: Magnified view of IR spectra of CBDA-TFMB-ME during patterning 
As mentioned previously, CBDA polymers have been photo-patterned before, but 
only by the electrocylic ring opening reaction of the cyclobutane ring.
225, 230
 Even 
preparing CBDA containing PAE is quite rare in the literature and almost exclusively as 
patents by Nissan Chemical Industries. Even then, their objective was for liquid crystal 
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alignment layers for improved storage stability over the PAA, and not as a method for 
patterning.
231-237
 Also, unlike in the case of PMDA, there has been no equivalent kinetic 
study to measure the effect of amine bases on the imidization rate of amic ester model 
compounds.
124-125
 To test the imidization model compounds 4.1a and 4.1b where 
prepared, as shown in Figure 4.17.  
 
 
Figure 4.17: Synthesis of CBDA ester model compounds 
 EDC coupling was found to effectively couple both aniline and 4 n-hexylaniline 
to the CBDA diacid in moderate to good yields. The lower yield in the unsubstituted 
aniline version was likely caused by the relatively poor solubility of the intermediate 
mono-amide product, so a more soluble version with pendant hexyl groups was also 
prepared. From the base catalyzed mechanism (recall chapter 3), the reaction is assumed 
to be first order in both the CBDA diester diamide as well as the base.
125
 However, since 
the reaction is catalytic in base, the base concentration remains constant and the overall 
reaction is pseudo-first order. 
1
HNMR was chosen to monitor the reaction as the by-
product methanol peak should not overlap with the starting material. DMSO-d6 was 
chosen as the solvent as it is a polar aprotic solvent like NMP or DMF, but is orders of 
magnitude less expensive than deuterated versions of those solvents. The unsubstituted 
aniline version was first tested with piperidine as the base (the amine generated in our 
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standard NVOC and cinnamide PBGs). The experiment was run at 15mg/mL of 4.1a with 
2 equivalents of piperidine. The reaction was quite slow and 
1
HNMR spectra began to 
broaden considerably after a few hours, which was confirmed to be due to material 
precipitating out of solution. The hexyl version was also tried and found to remain in 
solution long enough to collect kinetic data (Figure 4.18). Figure 4.19 shows the plot of 
ln(concentration 4.1b) vs. time. The straight line fit confirms that the reaction is pseudo-






. This value is orders of 









 It is likely that the imidization reaction is just too slow to print patterns in CBDA-
TFMB-ME in only the few minutes allowed for baking, and thus this approach is not a 
viable solution for patterning. The experiment was also attempted using DBU instead of 
piperidine. However, the reaction proceeded too quickly and the insolubility of the 
resulting di-imide prevented quantitative data from being obtained. This means that a 
PBG generating an amidine or guanidine base may be able to photo-pattern thick CBDA-
TFMB films. The search for such a suitable base generator is the subject of Chapter 6. 
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Figure 4.18: NMR spectra of 4.1b reaction with piperidine in DMSO. The methanol peak 
formed is highlighted in blue. 
 






















POSITIVE TONE CBDA-TFMB 
As the base catalyzed imidization reaction did not generate enough contrast for 
printing, other methods for patterning CBDA that relied on different mechanisms were 
considered.  
  The first new method considered was preparing a t-butyl ester CBDA polymer to 
act as a positive tone resist, analogous to our attempts at the PMDA version. While the 
PMDA-TFMB ester polymers did not print images, they did appear to be acid sensitive. 
Also, while those polymers were only soluble in amide solvents, the previously discussed 
CBDA methyl ester polymers were soluble in a wide range of organic solvents. We 
reasoned that if ran the polymerization in a non-amide solvent, there would not be trace 
amounts of weakly basic impurities affecting the acid catalyzed t-butyl ester cleavage.  
 While there are no reports of the t-butyl ester in the literature, it seemed 
reasonable that the ester could be prepared using CBDA and KOtBu similarly to the 




Figure 4.20: Proposed synthesis of CBDA t-Bu esters 
However, a THF solution of KOtBu and CBDA just turned bright orange and did 
not produce a precipitate of the potassium salt. This may be due to the alpha protons 
present in CBDA that are not in aromatic anhydrides such as PMDA. The pKa of tBuOH 
in DMSO is 32.2 and that of the alpha proton on a simple ester is 29.5 (EtOAc).
238
 The 
alpha protons in CBDA are likely to be even more acidic than this due to the more 
electron-withdrawing anhydride. Additionally, each alpha carbon is in the beta position 
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relative to two other carbonyls, likely further increasing acidity. As the pKa values are at 
least 3 units different, deprotonated CBDA should be the favored anion in a solution of 
KOtBu. Combined with the poor nucleophility of KOtBu, formation of the t-butyl ester 
did not occur. Simply refluxing CBDA in tBuOH for days resulted in no reaction. No 
reaction occurred using tBuOH and TEA in DCM either, which is useful for synthesizing 
other hard to prepare esters from anhydrides.
164
  
A hexafluoroisopropyl ester derivative of CBDA was also considered with the 
idea being that a better leaving group could speed up the kinetics of base catalyzed 
imidization.
59, 125
 We believe that we were able to prepare the ester by using TEA and 
hexafluoroisopropanol in methyl ethyl ketone. However, this ester is quite unstable and 
by NMR appeared to convert back to CBDA in a matter of days, rendering it unsuitable 
for use in polymers. 
 
NEW RIGID FLUORINATED DIAMINES  
Due to the problems encountered with the base catalyzed imidization reaction in 
CBDA, an aromatic dianhydride was considered again. However, the material must still 
be transparent to the exposure wavelength. While such PIs are reported in the literature, 
most are prepared from flexible dianhydrides and diamines or have meta linkages instead 
of para ones.
239
 In general most tend to have large CTEs and water absorption just as 
large as traditional PIs. One method of lowering water absorption is to incorporate ester 
groups in so called poly(ester imides). The use of aromatic ester containing diamines also 
results in very low CTE when used with dianhydrides such as PMDA and BPDA.
240-242
 
One diamine in particular, (4-aminophenyl)-4′-aminobenzoate (APAB), forms polymers 
with properties very close to the required properties.
101, 241
 While there are various reports 
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of alkyl derivatives of this monomer, there is no report in the literature of a fluorinated 
version.  
 As shown in figure 4.21, APAB is an asymmetrical diamine containing two 
different aromatic rings. The aminophenol side is much more electron rich than the 
aminobenzoate side. Additionally, each ring contains two unique places where fluorine 
could be added, for a total of four possible places for substitution. As one of the goals is 
high transparency, reduction of electron density on the electron rich phenol side was 
predicted to have a greater effect. On this ring the substitution can either be ortho or meta 
to the amino group. Work at IBM showed that there is a very large steric effect for 
trifluoromethyl groups on polymerizability in PAA systems.
148
 Ortho trifluoromethyl 
substitution greatly hinders polymerizability and results in only oligomers while meta 
substitution still allows for viscous, high molecular weight solutions. Combining these 
ideas, it was hypothesized that 4-amino-2-(trifluoromethyl)phenyl 4-aminobenzoate 
(3FAPAB) and 4-amino-2,6-bis(trifluoromethyl)phenyl 4-aminobenzoate (6FAPAB) 
would form PI that are transparent, low CTE, low dielectric and low water absorption. 
The UV spectra of each of the compounds was then predicted using density functional 
theory (DFT) using Spartan software with the standard B3LYP/6-31G* model
243-246
, and 
shown in Figure 4.21. The modeling predicts that both fluorinated APAB derivatives 
should have similar i-line absorbance to TFMB and will likely form transparent PIs, 
depending on the particular dianhydride utilized.  
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Figure 4.21: Predicted UV-Vis Spectra of APAB derivatives 
The manufacture of APAB (4.4a) is straightforward and performed on large scale 
in industrial labs. A typical scheme employed is shown in Figure 4.22.
247
 Other methods 
involve different activations of the carboxylic acid, but almost all perform a catalytic 
hydrogenation step to reduce the intermediate dinitro compound to the diamine.
248
 
Typical isolated yields of the diamine are about 75% after two steps.  
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Figure 4.22: Commercial APAB synthesis route 
 
A similar synthetic approach was envisioned for producing fluorinated APAB 
derivatives. However, 4-nitro-2,6-bis(trifluoromethyl)phenol (4.2c) is not even a known 
compound, though the methyl ether has been prepared.
249
 While 4-nitro-2-
trifluromethylphenol is available from a few sources, it is impractically expensive to use 
as a monomer. The simplest way reported of making the phenol involves Lewis acid 
catalyzed cleavage of the corresponding methyl ether. Simply refluxing the methyl ether 
in LiCl in DMF gives the deprotected phenol.
250-251
 However, after attempting this 
reaction multiple times, the result always produced a black intractable tar with low yield 
of the phenol and a painful chromatographic separation. This led to the exploration of 
different synthetic routes. 
Another method starts from inexpensive and widely available chlorobenzene as 
shown in Figure 4.23.
252-253
 This route is quite attractive in that the starting material is 
inexpensive and the solvent and base are essentially free. When performing this reaction 
however, the 1:1 adduct of the product with DMSO appears to be the major product by 
 143 
1
H NMR. Yields were also fairly poor at about 40% after distillation. These results are 
consistent with the literature where the both the free phenol and the adduct can form.
252
 
This adduct has an incredibly strong and unpleasant sulfur smell, and the reactivity was 
quite different than the unsubstituted 4-nitrophenol.  
 
  
Figure 4.23: Nucleophilic aryl substitution route to 3FAPAB 
 
 The only reaction path that seemed to produce the deprotected phenol in high 
yield and not as a solvent adduct was refluxing the methyl ether in HBr/AcOH.
254
 Here 
the HBr protonates the ether oxygen and the bromide attacks the methyl group, producing 
free phenol and gaseous methyl bromide as a side product. While the yield was not 
quantitative, no side products were detected by thin layer chromatography (TLC). 
Additionally, the starting material is not soluble in the reaction solvent at room 
temperature and precipitates out of solution, leaving the nearly pure phenol in solution 
which can be isolated in pure form by simple extraction.  
 For the acylation reaction to 4.3b, the commercially available acid chloride 4-
nitrobenzoyl chloride was used instead of activing the carboxylic acid in situ. 
Deprotonating 4.2b with NaH in THF and then adding the benzoyl chloride gave 4.3b in 
excellent yields. 
 The reduction of 4.3b to 4.4b, however, proved much more challenging. Using 
the same catalytic hydrogenation conditions as for in standard APAB
248
 resulted in a 
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mixture of products by TLC. At first this was thought to just be the intermediate half-
nitro, half amines generated. This was supported by the rapid consumption of starting 
material and all of the products staining with ninhydrin (a stain selective for amines). 
However, after a few hours the TLC no longer changed, and it is likely that some of the 
spots were hydrolysis products that were also eventually converted to amines. An older 
method for reducing aromatic nitro groups is SnCl2, and this method was used to produce 
APAB in one of the earliest papers using the monomer.
255
 However, this method used 
HCl as the solvent, and would likely hydrolyze 4.3b as well. Instead 10 equivalents of 
SnCl2∙2H2O in refluxing EtOH was used.
256
 This modification is known to leave more 
sensitive groups such as aldehydes, ketones, halides, and benzyl and cyano groups 
intact.
256
 The reaction completed in only 30 min with 93% yield. The retention factor was 
also different than the major product in the catalytic hydrogenation, confirming starting 











Figure 4.24: Synthesis scheme for 3FAPAB 
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As stated previously, a synthetic path to 6F-APAB was complicated by there 
being no literature reports of the synthesis of 4.4c. However, various ethers have been 
prepared using metal alkoxides and halobenzenes in a manner similar to the 
NaOH/DMSO method used above for 1b.
257-258
 Reported yields for these reactions are
much higher than in the mono trifluoromethyl version, likely due to the even greater 
electron deficiency of the system. However, this route would also require an ether 
deprotection and the analogous halobenzene starting material is not even commercially 
available. Another route to 4.2b involving the direct hydroxylation of nitroarenes has 
been reported.
259-260
 This method was not utilized for 3F-APAB due to the liquid
ammonia and organic peroxides required, as many other routes were already published 
that required much milder conditions. However, this is not the case for compound 4.2c. 
Reaction of 3,5 bis(trifluoromethyl)nitrobenzene with KOH and cumene hydroperoxide 
in liquid ammonia gave phenol 4.2c in 63% yield after sublimation (Figure 4.25).  
Figure 4.25: continued next page.
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Figure 4.25: Synthesis scheme for 6FAPAB 
Attempts to run a similar deprotonation and reaction with 4-nitrobenzoyl chloride 
on 4.2c as in 4.2b did not proceed to completion, even upon heating. This is likely due to 
a combination of both steric and electronic effects. The phenolate anion is sterically 
hindered by the ortho trifluoromethyl groups on either side. Additionally, nitro and 
trifluoromethyl groups are extremely electron withdrawing and result in this phenolate 
anion being a particularly weak nucleophile. However, reaction of 4.2c with nitrobenzoyl 
chloride with one equivalent of DMAP as a catalyst gave 4.3c in excellent yield in 
minutes in THF. Finally, the reduction to 4.4c using SnCl2 in EtOH also proceeded 
smoothly in 90% yield. 
The polymerization of 3FAPAB with both CBDA and PMDA proceeded 
smoothly in both cases, giving viscous poly(amic acid) solutions in NMP. However, 
6FAPAB was not very reactive toward either dianhydride and polymer solutions were 
about as viscous as NMP itself, even at high solids loadings. Whereas both 3FAPAB 
polymers spin-coated nicely to create thin transparent films, 6FAPAB polymers produced 
cloudy white films. These films were similar to the para PMDA-TFMB films discussed 
earlier and may also be due to the crystallinity of the precursor polymer. Upon curing at 
350°C both CBDA-6FAPAB and PMDA-6FAPAB gave cloudy, slightly yellow, and 
very brittle films that disintegrated upon cooling. The corresponding 3FAPAB films were 
also slightly yellow, but much less brittle and remained films after curing. The UV-Vis 
spectra of the films, along with TFMB versions for comparison, is located in Figure 4.26. 
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Figure 4.26: UV-Vis spectra of cured 3FAPAB and TFMB polymers 
As can be seen from the UV-spectra, these new fluorinated polyimides still 
demonstrate significant charge transfer. The UV cutoff for PMDA-3FAPAB is essentially 
the same as PMDA-TFMB while the CBDA-3FAPAB polymer has significantly higher 
absorbance. Ultimately however, the ability to effectively pattern CBDA containing 
polyimides has eluded us and unfortunately these new monomers do not exhibit greatly 
improved material properties over PMDA-TFMB or CBDA-TFMB.  
 
CONCLUSIONS 
Four alternative methods to create PSPIs with improved performance over the 
mPMDA-TFMB-EE system were explored. These included a positive tone t-butyl ester 
polymer, BPDA based polymers, CBDA based polymers, and new fluorinated 
aminophenyl-aminobenzoate polymers. While the t-butyl polymers were found to be acid 
sensitive, attempts to pattern this polymer using PAGs was unsuccessful. BPDA 



























However, these materials were much harder to purify and produced only low molecular 
weight polymers that cracked during organic development. CBDA based polymers had 
complete i-line transparency, even after curing. However, kinetic studies showed that 
these materials were not patternable using a PAE/PBG based approach. Finally, new 
fluorinated monomers were prepared based on their predicted UV transparency. While 
we were able to synthesize the monomers, the 6FAPAB monomer is thermally unstable 
and not very reactive toward polymerization. 3FAPAB had good reactivity with both 
PMDA and CBDA, but did not result in a markedly different UV spectrum compared to 
PMDA-TFMB. 
Overall, despite exploring many alternative methods to improve on our mPMDA-
TFMB-EE resin, we were unable to find a better platform. None of the materials tested 





All solvents and regents were obtained from commercial sources and used as 
received, unless otherwise specified. DCM was distilled from CaH2 while THF and DMF 
were purified by eluting through an alumina column solvent delivery system under argon. 
NMP was vacuum distilled from P2O5. CBDA was donated by Nissan Chemical 
Company and was dried at 150°C in vacuum for 12 hours prior to use. TFMB monomer 
was purified by sublimation to remove colored impurities. TFMOB was supplied by 
Seika Wakayama. Reactions were run in flame-dried glassware and under nitrogen 




C NMR spectra were obtained on a Varian 
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Unity Plus 400 MHz instrument. Solvent proton peaks are used as the internal standard 
(CDCl3 
1
H 7.26 ppm, 
13
C 77.0 ppm; DMSO-d6 
1
H 2.49 ppm, 
13
C 39.5 ppm). HRMS (CI) 
was performed on a VG analytical ZAB2-E instrument and HRMS (ESI) on an Ion Spec 
FT-ICR instrument. All MS data was obtained by ESI unless otherwise specified. IR 
spectroscopy was performed using a ThermoSci Nicolet 6700 FT-IR in transmission 
mode for films on double-side polished silicon wafers. UV-visible spectra of thin films 
on quartz were obtained using a ThermoSci Evolution 220 UV-visible spectrometer. 
 
 




CBDA (20.0g, 102 mmol) was refluxed overnight in 100 mL MeOH. After completion of 
the reaction, the solution was concentrated in vacuum to obtain a white sticky solid. The 
crude mixture of isomers was then recrystallized from 1:9 cyclohexane: EtOAc to obtain 
the 1,3 isomer as a white crystalline solid (9.89g, 37%). Mp 179-181°C. 1H NMR (400 
MHz, acetone) δ 3.72 (s, 4H), 3.66 (s, 6H). 
13
C NMR (101 MHz, acetone) δ 172.2, 172.1, 
52.3, 41.7, 41.4. HRMS [M+Na]
+






Dimethyl (1R, 2R, 3S, 4S)-2,4-bis(chlorocarbonyl)cyclobutane-1,3-dicarboxylate  
In a 250 mL RBF with a condenser, DM-CBDA (9.81g, 37.7 mmol) was suspended in 
100 mL of EtOAc. 5 drops of DMF were added and then oxalyl chloride (9.7 mL, 113.1 
mmol, 3 eq) was added in small portions through the condenser. CAUTION! THE 
SOLUTION BUBBLES VIGOUROUSLY AND PRODUCES LARGE VOLUMES OF 
HCL, CO2, AND CO! After bubbling ceased, all of the solid starting material dissolved 
and the solution became clear and colorless. The solution was concentrated to remove 
solvent and excess oxalyl chloride and recrystallized from hexanes (~600 mL) to obtain 
the product as white needles (8.42g, 75%) 
1
H NMR (400 MHz, CDCl3) δ 4.11 – 4.06 (m, 
2H), 4.00 – 3.94 (m, 2H), 3.80 (s, 6H). 
13
C NMR (101 MHz, CDCl3) δ 171.2, 169.4, 53.3, 
49.9, 42.7. HRMS [M-Cl]
-
 calcd. 261.0166 found 261.0163 
 
 
Dimethyl (1R, 2R, 3S, 4S)-2,4-bis(phenylcarbamoyl)cyclobutane-1,3-dicarboxylate 
(4.1a) 
DM-CBDA, (0.623g, 2.39 mmol) and aniline (0.44 mL, 4.8 mmol) were dissolved in 10 
mL DMF in a 50 mL RBF under nitrogen. EDC (0.918g, 4.8 mmol) was then added as a 
solid in one portion. The initially cloudy solution cleared to form a pale yellow solution. 
After stirring overnight the solution was poured into 200 mL of water, filtered, and 
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washed with water. The precipitated white solid was then dried in vacuum to obtain a 
white solid (0.452g, 46%). mp > 300°C. 1H NMR (400 MHz, DMSO) δ 10.20 (s, 2H), 
7.55 (d, J = 8.3 Hz, 4H), 7.29 (t, J = 7.8 Hz, 4H), 7.04 (t, J = 7.4 Hz, 2H), 3.93 (dd, J = 
10.2, 6.6 Hz, 2H), 3.64 (dd, J = 9.9, 6.9 Hz, 2H), 3.49 (s, J = 4.7 Hz, 6H). 
13
C NMR (101 
MHz, DMSO) δ 171.6, 169.2, 139.3, 129.2, 123.9, 119.7, 52.2, 49.0, 42.9. HRMS 
[M+Na]
+
 calcd. 433.1370 found 433.1372 
 
 
Dimethyl (1R, 2R, 3S, 4S)-2,4-bis((4-hexylphenyl)carbamoyl)cyclobutane-1,3-
dicarboxylate (4.1b) 
Prepared similarly to 4.1a in 84% yield as a white powder. Analytical samples were 
obtained by recrystallization from EtOAc:hexanes. mp > 300°C. 1H NMR (400 MHz, 
DMSO) δ 10.10 (s, 2H), 7.45 – 7.42 (m, 4H), 7.09 (d, J = 8.5 Hz, 4H), 3.94 – 3.86 (m, 
2H), 3.64 – 3.57 (m, 2H), 3.49 (s, J = 4.3 Hz, 4H), 1.55 – 1.46 (m, 4H), 1.24 (br, 12H), 
0.87 – 0.78 (m, 6H). An additional peak for the benzylic protons overlaps with the 
solvent δ 2.50 (t, 4H). 
13
C NMR (101 MHz, DMSO) δ 171.7, 169.0, 137.9, 137.0, 128.9, 
119.8, 52.2, 42.9, 40.3, 35.0, 31.6, 31.4, 28.7, 22.5, 14.4. HRMS [M+H]
+









Benzo[d]thiazol-2(3H)-one (5.53 g, 30 mmol) was dissolved in 12 mL ACN in a 100 mL 
RBF. TEA (8.4 mL, 60 mmol) was added to the solution and it was cooled to 0°C. 
Phenylphosphonic dichloride (2.98 g, 15 mmol) in 12 mL of ACN was then added 
dropwise to the thiazolone solution. After complete addition, the reaction was stirred for 
30 minutes. The precipitated white solid was filtered, washed with water and 
recrystallized from benzene. (2.82 g, 43%) mp 110-116°C. 1H NMR (400 MHz, CDCl3) δ 
8.10 – 8.00 (m, 2H), 7.91 – 7.84 (m, 2H), 7.74 – 7.66 (m, 1H), 7.60 – 7.51 (m, 2H), 7.43 
– 7.37 (m, 2H), 7.25 – 7.18 (m, 4H). HRMS [M+Na]
+






2-Benzoxazolethione (20.0g, 132 mmol) was suspended in 150 mL benzene in a 500 mL 
RBF with an addition funnel. TEA (18.5 mL, 132 mmol) was added slowly to form a 
dark solution. Diphenyl phosphorochloridate (27.4 mL, 132 mmol) was dissolved in 45 
mL benzene and added to the addition funnel and added dropwise over 25 minutes. The 
precipitated salt was filtered and the filtrate concentrated in vacuum. The resulting black 
tar was recrystallized twice from hexanes to obtain slightly off-white crystals (30%). Mp 
136-140°C. 1H NMR (400 MHz, CDCl3) δ 7.95 – 7.88 (m, 1H), 7.42 – 7.29 (m, 8H), 7.28 
– 7.17 (m, 5H). 
13
C NMR (101 MHz, CDCl3) δ 180.4 (d), 149.6 (d), 147.7 (d), 132.1 (d), 
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130.2, 126.4, 125.6 (d), 120.4 (d), 115.0, 110.0. HRMS [M+H]
+




t-Butyl ester isomers of PMDA
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PMDA (40.0 g, 183 mmol) was dissolved in 800 mL THF in a 2L RBF with mechanical 
stirring. KOtBu (41.2 g, 367 mmol) was then added slowly with vigorous stirring to the 
PMDA solution. Stirring was continued overnight, and then the precipitated potassium 
salts were filtered and washed with THF. The precipitate was then dissolved in 1L of 
water and adjusted to pH 3 with HCl. The precipitated solid was then filtered and washed 
with water before being recrystallized from EtOH/water. The first crop yielded pure para 
isomer (25.0 g, 37%) and the second crop gave a mixture of about 80:20% meta:para 
isomer (8.2 g, 12%). HRMS [M+Na]
+
 calcd. 389.1207 found 389.1203 
2,5-bis(tert-butoxycarbonyl)terephthalic acid (para) 
1
H NMR (400 MHz, DMSO) δ 13.73 (br s, 2H), 7.87 (s, 2H), 1.51 (s, 18H). 
13
C NMR 
(101 MHz, DMSO) δ 167.1, 165.2, 135.1, 134.5, 128.6, 82.7, 27.5. 
4,6-bis(tert-butoxycarbonyl)isophthalic acid (meta) 
1
H NMR (400 MHz, DMSO) δ 13.73 (br s, 2H), 8.00 (s, 1H), 7.77 (s, 1H), 1.51 (s, 18H). 
13








A 500 mL RBF with reflux condenser was charged with 28.38 g (128.3 mmol) of 1-
methoxy-4-nitro-2-(trifluoromethyl)benzene. 180 mL of 48% HBr and 90 mL of 30% 
HBr/AcOH was added. The solution was then refluxed at 120°C for 2 days. The solution 
was cooled to room temperature and quenched with water to precipitate unreacted 
starting material, which was filtered off. The aqueous solution was extracted five times 
with DCM, washed with brine, and then dried over MgSO4, filtered and concentrated to 
obtain an off white crystalline solid. (17.36 g, 65%) Additionally, 7.94g (28%) of starting 
material was recovered. 
1
H NMR (400 MHz, DMSO) δ 12.29 (s, 1H), 8.30 (dd, J = 9.1, 
2.9 Hz, 1H), 8.24 (d, J = 2.8 Hz, 1H), 7.15 (d,  J = 9.1 Hz, 1H); 
 13
C NMR (101 MHz, 
DMSO) δ 162.2, 139.1, 130.0, 123.6 (q, J = 5.4 Hz), 123.1 (q, J = 272.5 Hz), 118.1, 
116.1 (q, J = 31.7 Hz); HRMS [M+H]
+
 calcd. 208.0216 found 208.0216 
 
 
4-nitro-2-(trifluoromethyl)phenyl 4-nitrobenzoate (4.3b) 
In a 250 mL RBF was added 5.00g (24.1 mmol) of 4.2b. 150 mL of THF was added to 
obtain a pale yellow solution. NaH (1.01 g, 60% in mineral oil, 25.2 mmol) was added in 
3 portions over 5 minutes. After gas evolution had ceased the solution was a clear 
brilliant yellow color. Solid 4-nitrobenzoyl chloride (4.48 g, 24.1 mmol) was then added 
in one portion and the solution quickly became pale and a precipitate began to form. 
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After 30 minutes the solvent was removed, the reaction was quenched with 100 mL of 
sat. aq. NaHCO3 and extracted with DCM (3 X 100 mL). The DCM extracts were then 
washed with brine and dried over Na2SO4, filtered, and concentrated to obtain a slightly 
off-white solid. (88%) mp 107-108°C; 1H NMR (400 MHz, DMSO) δ 8.70 (dd, J = 9.0, 
2.8 Hz, 1H), 8.58 (d, J = 2.7 Hz, 1H), 8.49 – 8.42 (m, 2H), 8.39 – 8.33 (m, 2H), 8.06 (d, J 
= 9.0 Hz, 1H); 
13
C NMR (101 MHz, DMSO) δ 162.4, 152.5, 151.5, 145.8, 133.3, 132.0, 
130.0, 127.1, 124.8, 123.7, 123.4, 123.3, 122.9, 122.6, 121.0; HRMS (CI) [M+H]
+
 calcd. 




4-amino-2-(trifluoromethyl)phenyl 4-aminobenzoate (3FAPAB) (4.4c) 
In 250 mL with reflux condenser, 4.88 g (13.7 mmol) 4.3b and 30.9 g (137 mmol) 
SnCl2∙2H2O were suspended in 54 mL EtOH. The mixture was heated to 70°C for 30 
minutes. After the reaction was complete by TLC, the warm solution was poured into 
water and aq. NaOH was added until precipitated tin compounds were solubilized. The 
solution was then extracted three times with EtOAc, washed with brine, dried over 
Na2SO4, and concentrated to obtain a slight yellow powder. The powder was then 
recrystallized from EtOH to obtain slightly off white shiny flakes. (93%) Rf = 0.45 (50% 
EtOAc/hexanes); mp 186-188°C; 1H NMR (400 MHz, DMSO) δ 7.76 – 7.66 (m, 2H), 
7.02 (d, J = 8.8 Hz, 1H), 6.87 (d, J = 2.7 Hz, 1H), 6.80 (dd, J = 8.6, 2.6 Hz, 1H), 6.65 – 
6.55 (m, 2H), 6.15 (s, 2H), 5.49 (s, 2H); 
13
C NMR (101 MHz, DMSO) δ 165.1, 154.7, 
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147.2, 137.7, 132.3, 126.1, 125.2, 122.5, 122.2, 121.9, 118.1, 114.6, 113.2, 110.6; HRMS 
[M+Na]
+





In a 3 neck 500 mL RBF with a dry ice/acetone cooled condenser and addition funnel 
was added 21.6 g (386 mmol) of powdered KOH. The flask and condenser were then 
cooled to -78°C using dry ice/acetone bath. Gaseous ammonia was then slowly flowed 
into the flask and condensed into about 130 mL of liquid. In a separate flask 10.0g (38.6 
mmol) of 3,5-bis(trifluoromethyl)nitrobenzene, 8.10 g (42.5 mmol) of 80% cumene 
hydroperoxide and 39 mL of THF were thoroughly mixed before being added to the 
addition funnel. The dry ice bath was then removed and the nitrobenzene solution added 
dropwise to the liquid ammonia solution over 40 minutes. The solution immediately 
turned an orange color and a noticeable reflux began. After addition, the solution was 
stirred for an additional hour before 20.6 g (386 mmol) of solid NH4Cl was added. The 
condenser was removed and the NH3 evaporated. The solution was then acidified to pH 2 
with 1N HCl and extracted with DCM (3x130 mL). The combined organic extracts were 
then washed with 0.5N NaOH (3x130 mL). The combined aqueous layers were acidified 
with HCl and again extracted with DCM, dried over Na2SO4, filtered, and concentrated 
to obtain a red-orange oil that solidified upon standing. The crude product was then 
purified by sublimation (0.8 torr, 60°C) to obtain a slightly yellow deliquescent solid. 




NMR (101 MHz, CDCl3) δ 156.6, 140.3, 126.87, 126.8 (q J = 4.8 Hz), 123.4, 120.7, 
119.9, 119.6; HRMS [M-H]
-
 calcd. 273.9944 found 273.9951 
 
 
4-nitro-2,6-bis(trifluoromethyl)phenyl 4-nitrobenzoate (4.3c) 
In a 250 mL RBF, 3.0 g (10.9 mmol) of 4.2c and 1.33 g (10.9 mmol) of DMAP were 
dissolved in 60 mL THF. Solid 4-nitrobenzoyl chloride was then added (2.02 g, 10.9 
mmol). The solution quickly changed from clear yellow to cloudy yellow. After a few 
minutes the solution color faded to slightly off-white. The reaction was then diluted with 
300 mL of water and 150 mL of EtOAc. The organic layer was washed with brine, dried 
over MgSO4, filtered, and concentrated to obtain an off-white solid. (4.28 g, 93%) mp 
101-102°C;  1H NMR (400 MHz, CDCl3) δ 8.85 (s, 2H), 8.44 – 8.40 (m, 2H), 8.39 – 8.34 
(m, 2H); 
13
C NMR (101 MHz, CDCl3) δ 161.8, 151.6, 150.8, 145.5, 132.1, 131.8, 131.7, 
127.9, 127.6, 126.7, 126.6, 124.2, 122.4, 119.7; HRMS (CI) [M+H]
+




4-amino-2,6-bis(trifluoromethyl)phenyl 4-aminobenzoate (6FAPAB) (4.4c) 
In a 100 mL RBF with reflux condenser was added 4.3c (2.51 g, 5.91 mmol) of and 13.34 
g (59.1 mmol) of SnCl2∙2H2O. EtOH (28 mL) was added and the suspension was heated 
at 70°C for 30 minutes. The solution was then poured into 100 mL of water and 150 mL 
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of EtOAc. The tin precipitate that formed was dissolved by addition of 2N NaOH. The 
organic layer was then washed with brine, dried over MgSO4, filtered, and concentrated 
to obtain an oil. 20 mL of hexanes was added and the oil began to crystallize. The hexane 
was removed in vacuo to obtain a white solid (1.94 g, 90%) Analytical samples were 
obtained by recrystallization from benzene/hexanes. Mp 109-111°C (dec.); 1H NMR (400 
MHz, CDCl3) δ 7.99 – 7.95 (m, 2H), 7.03 (s, 2H), 6.71 – 6.64 (m, 2H), 4.20 (s, 2H), 4.04 
(s, 2H); 
13
C NMR (101 MHz, CDCl3) δ 165.2, 151.9, 144.7, 132.7, 126.2 (q, J = 31.5 Hz) 
123.8, 121.1, 117.4, 115.7, 113.9; HRMS [M+Na]
+
 calcd.= 387.0539 found= 387.0552 
 
Polymer Synthesis General Procedure 
BPDA-TFMB and CBDA-TFMB PAE polymers were prepared using the same 
method described for mPMDA-TFMB-EE in chapter 3, substituting BPDA and CBDA 
diester diacid chloride monomers for PMDA. However, the CBDA-TFMB-ME polymer 
was precipitated into water and not washed with methanol or ethyl acetate as this polymer 
was soluble in these solvents. 
 
PAA Solutions 
In a 25 mL RBF was added 600 mg (2.02 mmol) 3FAPAB. NMP (5.6 mL) was added to 
dissolve the diamine before CBDA (397 mg, 2.02 mmol) was added to form a 15% solids 
solution. The solution was then stirred overnight to obtain a very pale yellow viscous 
PAA solution.   
CBDA-6FAPAB, PMDA-6FAPAB and PMDA-3FAPAB were prepared similarly 




CBDA Solution Phase Imidization Kinetics 
 4.1b (20.0 mg, 0.0346 mmol, 0.0691 mmol amic esters) was dissolved in 1.00 mL 
DMSO-d6. Piperidine (~1 eq) was added and the solution was quickly mixed and added 
to a NMR tube. The sample was run immediately on a Varian DirectDrive 600 NMR to 
obtain the 
1
H NMR spectrum every hour for 13 hours. The two aromatic doublet peaks 
from the hexylaniline (δ 7.46, 7.11) were used as the internal standard to calculate the 
initial concentration of piperidine added. This was calculated to be 0.0359 M. The 
generated methanol peak (δ 3.17) was used to track the imidization, due to significant 
signal overlap in the aromatic region as imidization proceeded. The natural logarithm of 
the 4.1b concentration was plotted versus time and slope of the line of best fit was -2.08 x 
10
-6
. Dividing by the base concentration gives the rate constant. 
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Chapter 5:  Catalysts for Low Temperature Curing of Polyimides 
INTRODUCTION 
One of the major goals of the directly patternable dielectrics project was to define 
a process requiring a curing temperature below about 200°C that could be performed 
within one hour. During assembly of the package, the highest temperatures normally 
encountered are 200-250°C during the solder reflow step, and this process typically only 
lasts only a few minutes. Higher temperatures can be damaging for sensitive materials 
such as epoxy resins and underfill materials.
92
 Even higher temperatures (>260°C) can 
potentially damage the die and cause the growth of intermetallic compounds.
261
 With the 
development of chip stacking utilizing thinner chips, lower curing temperatures are 
desirable to limit stress from CTE mismatch between the package and the die. This 
temperature requirement is considerably lower than the 300-350°C cure temperature 
required for  polyimides from poly(amic acid) or poly(amic ester) precursors, and the 
high cure temperature has been a major factor in the search for alternative materials (e.g. 
benzocyclobutane based dielectrics, cure temp ~250°C).153-154 
Lowering the cure temperature of polyimides has been a topic of research for 
many years. Among the earliest methods explored was the radical crosslinking of pre-
imidized materials containing diaminostilbene monomer
262
 or bismaleimide oligomers
263
 
using organic peroxides and divinylbenzene based crosslinkers. Another successful 
method for creating a lower curing thermoset PI is the polymerization of monomer 
reactants approach (PMR) developed by NASA.
264-267
 This scheme uses PI oligomers 
endcapped with norbornene units; the norbornene units undergo addition polymerization 
at temperatures around 260-300°C to create a crosslinked network.268  
One of the more promising methods for low temperature curing of standard PAAs 
is variable frequency microwave (VFM) curing.
269-272
 In this process the polyimide (or 
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many other uncured organic materials such as BCB) selectively interacts with 
microwaves, causing localized heating. Additionally, the microwaves increase rotation in 
the dipoles of the polymer, effectively lowering the activation energy for imidization.
269
 
This allows for curing of PI in the presence of epoxy based boards that would otherwise 
be destroyed during standard thermal curing. 
Finally, low temperature curing has been performed on PI precursors using 
various amines, anilines, and phenols at 200°C, both in the solution phase273-274 as well as 
in films.
125, 275-276
 However, the solution process is only useful for soluble polyimides, 
which tend to be more flexible and lack many of the desirable properties required for 
microelectronics packaging. Therefore, the remainder of this chapter will focus on our 
efforts with amine based catalysts. 
 
NEUTRAL AMINE CATALYSTS 
It is well known that amines act as curing catalysts for poly(amic acids), 
poly(amic esters) and polyisoimides, all of which are precursors to polyimides.
125, 127, 275-
276
 In the case of PAAs, a 200°C curing temperature has been demonstrated in many 
systems by Ueda et al., utilizing both thermal and photobase generators (TBG and PBG, 
respectively).
127-129, 277-278
 However, curing in PAE systems has been less successful. 
Most of the work in this area has either been performed by Volksen et al. at IBM or 
funded by IBM.
59-60, 124-126
 The general findings are that secondary amines such as 
piperidine and piperazine perform better than primary amines for imidizing poly(amic 
alkyl esters), with tertiary amines being orders of magnitude slower. However, treating 
PMDA-ODA ethyl ester films at 200°C with secondary amines only resulted in moderate 
imidization (~45-60%).
124
 What was noteworthy from this paper was that amidine bases 
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1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5-diazabicyclo(4.3.0)non-5-ene (DBN) 
completely cure PMDA-ODA-EE in 15 minutes (Figure 5.1). This DBU catalyst has even 
been used to fully cure PAA films for use as the gate insulator in organic transistors.
279
 






Figure 5.1: Amidine bases DBN and DBU 
Addition of DBU (and most non-tertiary alkyl amines) to PAE solutions results in 
rapid gelation at room temperature. Dr. William Bell was able to monitor the degree of 
imidization using IR spectroscopy in mPMDA-TFMB-EE films by adding DBU (1 wt% 
to polymer) to a NMP solution of mPMDA-TFMB-EE and quickly spincoating the 
material.
68
 Figure 5.2 shows IR spectra of the 1 wt% DBU in mPMDA-TFMB-EE as cast 
film, as well as films baked at 200°C and 350°C for one hour. The as cast material has a 
very minor amount of imidization as indicated by the small peak in the carbonyl region. 
Heating to 200°C resulted in a significant increase in the imide carbonyl peak. By 
comparing the imide carbonyl stretch at 1780 cm
-1
 to the C=C aromatic stretch (1490 cm
-
1
) used as the internal standard, the degree of imidization could be calculated, assuming 
the 350°C bake for one hour (green trace) represented complete conversion. In this case, 
the 200°C cure resulted in 100% imidization. 
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Figure 5.2: IR spectra of mPMDA-TFMB-EE film containing 1 wt% DBU. Blue: as cast, 
Red: 1 hour at 200°C, Green: 1 hour at 350°C (full cure) 
 
AMIDINE SALTS 
While even small amounts of DBU are effective at curing PMDA-TFMB-EE at 
200°C, adding it directly to formulations is not possible due to the nearly instant gelation 
and complete lack of storage stability. There are reports of amidine PBGs based on salts 
of DBU or 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) and a carboxylic acid.
281-286
 Initial 
tests of latent amidine or guanidine bases focused on the salt of DBU and benzoic acid 
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(DBU benzoate) to ensure that these materials would be stable during storage. 
Unexpectedly this was not the case. Addition of DBU benzoate to mPMDA-TFMB-EE 
solutions quickly resulted in gelation, behavior similar to the addition of DBU itself. 
Unsurprisingly, this material also completely imidized films at 200°C in one hour.68 The 
other common method for preparing amidine PBGs, by alkylation of sp
2
 hybridized 
nitrogen to form a quaternary amine, was also considered. The model compound for this 
test was prepared by the alkylation of DBU with benzyl bromide (DBU BnBr) to form an 
organic soluble salt. Interestingly, there is one Japanese patent about using alkylated 
amidine tetraphenylborate salts as catalysts for epoxy curing.
287
 This salt did not gel 
solutions of PMDA-TFMB-EE at room temperature, so films containing 5% DBU BnBr 
were heated for 15 minutes at various temperatures to determine the degree of 
imidization (Figure 5.3). While mPMDA-TFMB-EE does not begin to imidize until about 
170°C without any additives, complete curing was achieved with a 5% DBU BnBr at 
about 210°C in 15 minutes. 
 
 




















 5wt% DBU BnBr
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The large contrast observed in Figure 5.3 was thought to be due to de-alkylation 
by bromide ion substitution to regenerate free DBU base. Similar reactions are known to 
occur in standard quaternary alkyl ammonium salts such as tetra n-butylammonium 





Figure 5.4: Entropy driven de-alkylation of TBAB 
To confirm that de-alkylation was the mechanism for the low temperature curing, 
both thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
were performed on DBU BnBr (Figure 5.5). The thermal data collected, however, does 
not agree with this hypothesis. By TGA, DBU BnBr has no mass loss until nearly 300°C. 
The normal boiling point of benzyl bromide is 198°C289, so if decomposition were taking 
place during the melting transition, significant mass loss should have occurred around 




Figure 5.5: DBU BnBr thermal properties a) TGA b) DSC 
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This behavior in DBU BnBr is quite different from traditional thermal base 
generators. TBGs typically consist of amines protected as their tertiary-butoxycarbonyl 
(t-BOC) carbamates.
129, 277
 When heated these compounds decompose into the free 
amine, carbon dioxide, and isobutene. There is also a class of TBGs that utilize 
hydroxylamide ring-closing to lactones that release free amine upon heating.
290-292
 As 
was the case for NVOC and cinnamide type PBGs, these methods are unfortunately 
limited to primary and secondary amines. There have been a few reports of preparing 
various acylated DBN and DBU salts.
293-297
 However, these materials are quite powerful 
acylating agents due to the free-base DBU leaving group. Any nucleophiles present in a 
solution containing these salts (e.g. water) would rapidly react to generate DBU and 
cause gelation, rendering such salts impractical as TBGs. 
The low temperature imidization catalyzed by DBU BnBr led us to explore other 
alkylated amidine salts such as the salts of DBU and ethyl bromide (DBU EtBr) and 
DBN and benzyl bromide (DBN BnBr). These salts were added to mPMDA-TFMB-EE 
solutions as 5 wt% loadings to polymer and spin-coated to form films on silicon wafers. 
Films were then baked at various temperatures for 15 minutes, IR spectra were measured, 
and the degree of imidization calculated as discussed previously. From examination of 
Figure 5.6, it is clear that all three salts are very effective catalysts above 200°C, but will 
not imidize films at all below about 160°C. As both the NVOC and cinnamide PBGs used 
in the mPMDA-TFMB-EE patterning printed at these temperatures, the combination of 
DBU BnBr and PBG should enable low temperature curing of photo-patterned and 
developed films.     
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Figure 5.6: Effect of various alkylated amidine salts on curing of mPMDA-TFMB-EE 
 
QUATERNARY ALKYL AMMONIUM SALTS 
Quaternary ammonium salts such as TBAB decompose into tertiary amine and 
alkyl halides at elevated temperatures, as discussed previously.
288
 It is also known that 
tertiary amines, while not as effective as primary or secondary amines, still work as 
imidization catalysts.
124-125
 Combining these ideas, it seemed likely that quaternary 
ammonium salts should also work as imidization catalysts. Tetra n-butylammonium 
(TBA) salts were identified for testing as they are commercially available due to their use 
as phase transfer catalysts, and due to the lipophilic cation that makes them quite soluble 
in organic solvents. The fluoride, bromide, and iodide salts (TBAF, TBAB, and TBAI, 
respectively) were added as 5 wt% loadings in mPMDA-TFMB-EE and cured in the 
same manner as the amidine salts (Figure 5.7). Surprisingly, all of the halide salts 



















 5wt% DBU BnBr
 5wt% DBN BnBr
 5wt% DBU EtBr
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as basic anions such as fluoride are known to be imidization catalysts.
124
 TBAF was also 
unexpectedly stable in PAE solutions with a curing onset temperature nearly the same as 
the other salts explored. While TBAF did perform slightly better than the other TBA 
halide salts, all of TBA salts were less effective catalysts than the amidine salts.  
 
 
Figure 5.7: Effect of tetra n-butyl ammonium halide salts on mPMDA-TFMB-EE curing. 
Films were cured for 15 minutes. 
As TBA halides are not stable toward de-alkylation at the curing temperatures of 
mPMDA-TFMB-EE, the imidization in the TBA halide salt systems possibly resulted 
from the in-situ generation of tri n-butylamine in the film. Many other TBA salts are 
available, and most are more thermally stable than the halides (Table 5.1). The values in 
the table represent a 5% mass loss as determined by TGA in nitrogen. The boiling point 
of tributylamine is just above 200°C, so the non-halide salts in the table are not 




























PF6 318  
OTs 261 
OTf 327 
Table 5.1: Decomposition temperatures of various TBA salts determined by 5% mass 
loss on TGA in nitrogen 
The more thermally stable TBA salts were also tested as 5 wt% loadings in 
mPMDA-TFMB-EE (Figure 5.8). Samples were again cured for 15 minutes at 
temperatures from 140-250°C. While the tetrafluoroborate (BF4) and 
hexafluorophosphate (PF6) salts performed about the same as the halides, these salts 
could not have degraded to the amine. This implies that some other unknown mechanism 
is responsible for the imidization. The other important finding is that not all of the TBA 
salts performed identically; tosylate (OTs) and triflate (OTf) salts were considerably less 
active catalysts. These salts did not completely cure mPMDA-TFMB-EE even at 250°C. 
The onset temperature for imidization with these additives also appears to be much 
higher than the other salts. The molecular weights for each of the salts is reasonably close 
(other than TBAF) due to the large TBA cation, so the effects from slight differences in 
molar concentrations should be minimal. BF4, PF6, and OTf anions are also considered 
non-coordinating anions due to their poor nucleophilicity and lack of interaction with 
their cation.
298
 While it is reasonable that TBA OTf should be the least effective catalyst 
tested, it still causes much more imidization than the control without any salt. Together, 
 170 
these data suggest that the cation may be responsible for some of the effect and that using 
sulfonate anions results in less active catalysts. 
 
 
Figure 5.8: Effect of various TBA salts on imidization in mPMDA-TFMB-EE. Films 
were cured for 15 minutes  
 
IONIC LIQUIDS 
Due to the relatively low melting points (or decomposition points) of many of the 
catalysts explored, we believed that other ionic liquids with even lower melting points 
may improve low temperature curing. Common room temperature ionic liquids 1-butyl-
3-methylimidazolium tetrafluoroborate (BMIM BF4) and triethylsulfonium bis(triflimide) 
(Set3 Tf2) were chosen along with cetylpyridinium chloride (C16Py Cl) for testing (Figure 
5.9). Cetylpyridinium chloride melts at 77°C, which is low enough to be considered an 
ionic liquid. These ionic liquids were added to mPMDA-TFMB-EE solutions in NMP at 
the standard 5 wt% loading, and baked for 15 minutes at various temperatures in the same 
























representative TBAB and DBU BnBr salts (Figure 5.10). Several trends emerge from the 
graph. The cetylpyridinium chloride performs about the same as TBAB and suggests that 
unconjugated ammonium cations are less effective catalysts than the conjugated BMIM 
and benzyl DBU cations. The BMIM BF4 is also the most effective catalyst out of the 
salts tested, though the onset of imidization is at a lower temperature than the other salts, 
which may lead to problems during the post exposure bake for the base-catalyzed PSPI 
system. Finally, the SEt3 NTf2 was the least effective catalyst for this system; no 
imidization occurred below 200°C. However, complete curing was obtained after 15 
minutes at 250°C; the TBA triflate and tosylate salts, despite a lower onset temperature, 
were still not imidized completely at this temperature. Interestingly, SEt3 NTf2 begins to 
quickly degrade around this temperature, so the starting salt may not be the active 
catalyst. Further work with the more thermally stable LiNTf2 (next section) also suggests 
that this may be the case. 
 
 
Figure 5.9: Ionic liquids explored for use as curing catalysts 
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Figure 5.10: Comparison of the imidization of mPMDA-TFMB-EE using various types 
of salt catalysts. Films were cured for 15 minutes. 
 
LITHIUM  SALTS 
In our quest to better understand the cause of the catalysis of imidization by these 
salts, we attempted to find a salt that would not act as an imidization catalyst. As many 
lithium salts are soluble in the NMP casting solvent, we first tested a 5 wt% loading of 
lithium chloride in mPMDA-TFMB-EE (Figure 5.11, blue trace). Films were again cured 
for 15 minutes at various temperatures. Lithium chloride surprisingly caused some 
imidization in the film, reaching about 75% imidization at 250°C. The bromide and 
iodide salts were also tested and found to act as catalysts as well. In the case of the 
chloride and bromide salts the onset of imidization began around 180°C, which is about 
20°C higher than that observed for the DBU and TBA halides. Lithium iodide, however, 

























esters to their corresponding acids by a classical Sn2 reaction.
299-301
 However, this 
typically requires refluxing in a basic solvent such as pyridine. Also, methyl esters are 
cleaved selectively in the presence of ethyl esters, suggesting that such a reaction would 
be quite slow, which is inconsistent with the extent of imidization observed. Other alkali 
halides were also used to cure mPMDA-TFMB-EE. Cesium chloride (green trace) was 
essentially inactive until 200°C and gave about 60% imidization at 250°C. Some of the 
reduced activity likely stems from the constant 5 wt% loading used throughout the trials; 
the constant weight loading results in a much lower molar concentration of the salt. 
Finally, we set out to test other alkali salts such as LiF and CsF to test the effect of the 
basic fluoride ion. However, neither of these salts was soluble in the NMP casting 
solvent. A comparison of all the alkali metal chlorides was also not possible due to the 
complete lack of solubility of sodium, potassium, and rubidium chloride. 
 
 
Figure 5.11: Effect of alkali metal halides on imidization of mPMDA-TFMB-EE. Films 
























Other soluble lithium salts including the tetrafluoroborate, bistriflimide (NTf2), 
acetate (OAc), and triflate were also explored at 5 wt% loading in mPMDA-TFMB-EE 
(Figure 5.12). LiBF4 functioned similarly to both chloride and bromide salts, just as TBA 
BF4 was about equally effective as TBA chloride and bromide. Lithium acetate 
substantially imidized the film at temperatures below 140°C, with a curing profile similar 
to that of the iodide salt. This is reasonable as acetate is a basic anion and is known to 
cure poly(amic esters).
124, 302
 Typically this is performed using an additional dehydrating 
agent such as acetic anhydride, but these temperatures are likely high enough for 
effective dehydration without it. Finally, the triflate and bistriflimide are very poor 
catalysts as expected. The triflate causes more imidization than the salt-free case, though 
imidization appears to level off at about 30% around 230°C. The bistriflimide, an even 
weaker and more hindered base than triflate
303
, is the only salt that we found to be 
completely ineffective at imidizing mPMDA-TFMB-EE. 
 
 
Figure 5.12: Effect of various lithium salts on imidization of mPMDA-TFMB-EE. Films 
























From the lithium salt studies it is clear that even seemingly inert halide salts such 
as lithium chloride are moderately effective imidization catalysts. While they do not 
come close to fully curing PAEs at 200°C, considerably more imidization occurs than in 
the case of no additives in the PAE film. However, none of the lithium salts enabled 
complete curing of mPMDA-TFMB-EE at 250°C while almost every alkylated amidine 
and TBA salt that was tested did. 
 
LEWIS ACIDS 
Lithium salts, along with most other metal salts, are Lewis acids. Due to the very 
small size of the ion, lithium ions are among the hardest Lewis acidic ions known.
304
 This 
led us to question if the observed imidization in the lithium salt systems was at least 
partially due to some Lewis acid catalyzed effect. 
The standard mPMDA-TFMB-EE polymer with 5 wt% catalyst loading was again 
cured for 15 minutes at various cure temperatures. The initial experiment tested the 
effects of cerium chloride heptahydrate (CeCl3), boron trifluoride diethyl etherate (BF3), 
and the Bronsted acid p-toluenesulfonic acid monohydrate (TsOH, Figure 5.13). TsOH 
was chosen as it is a reasonably thermally stable and non-volatile strong acid that is a 
solid at room temperature for convenient weighing. Unlike many other strong acids, 
TsOH is also non-oxidizing, so only the effect of acid should be observed.
305
 The degree 
of imidization was around 10-20% regardless of temperature and these salts may actually 
be inhibiting imidization at higher temperatures. Cerium chloride is a Lewis acid 
typically used in the Luche reduction,
306
 though it has also been used in more traditional 
Lewis acid catalyzed reactions such as Friedel-Crafts alkylation.
307
 CeCl3 had an even 
smaller effect on imidization and was barely above the salt-free control. Boron 
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trifluoride, along with aluminum trichloride, are among strongest and most popular Lewis 
acid catalysts available. However, when added to mPMDA-TFMB-EE films, there was 
no difference at all between BF3 containing films and the control.  
 
 
Figure 5.13: Effect of various acids on imidization of mPMDA-TFMB-EE. Films were 
cured for 15 minutes. 
It is possible that multiple factors could be responsible for the complete lack of 
imidization using BF3. BF3 itself is a gas at room temperature, though the diethyl ether 
adduct used boils around 130°C. It is possible that all of the BF3 just evaporated out of 
the film during baking. Another possible issue is the NMP casting solvent used. NMP is 
weakly basic and may form an adduct with the BF3, reducing the acidity. Finally, BF3 
fumes strongly in air and is hydrolyzed readily.
308
 Water in the solvent, polymer, or even 
air could destroy the BF3 in the film. 
To correct these shortcomings of BF3, scandium triflate (Sc(OTf)3) and ytterbium 
triflate (Yb(OTf)3 were explored. Both compounds have found use as water stable Lewis 


























 These Lewis acids were also tested at a 5 wt% loading in mPMDA-TFMB-EE and 
baked in the same way as previous experiments. However, the IR spectra obtained was 
quite different than in all the previous experiments (Figure 5.14). The IR spectra using 
Sc(OTf)3 are shown, but data for Yb(OTf)3 were very similar. The film cured at 250°C 
has a noticeable peak around 1775 cm
-1
, indicative of a carbonyl imide peak. However, 
the observed peak is much broader than those observed with other catalysts. There is also 
a nearly complete lack of change in the C-N imide stretch peak at 1370 cm
-1
, suggesting 
that some reaction other than imidization is occurring. The ratio of carbonyl area to the 
aromatic C=C stretch is also very different than any of the previous salts explored. 
Normally this ratio is about 0.35 for fully cured films. However, in Sc(OTf)3 the value 
was nearly 0.45, a very significant difference. The cause of this appears to be the C=C 
aromatic stretch used as the internal standard decreasing in intensity at complete curing at 
350°C. This decrease should not occur as there are no volatile aromatic compounds in the 
formulations, and suggests that a reaction other than imidization is also occurring. 
 
 
















From the Bronsted and Lewis acids tests, it appears that neither are effective 
catalysts for the imidization of mPMDA-TFMB-EE. In fact, the water-stable transition 
metal based Lewis acids may actually be damaging the material instead of acting as a 
curing catalyst. These results are very different then the observed imidization effect from 
lithium salts, and shows that the imidization process is not due to Lewis acid effects. 
 
MATERIAL PROPERTIES OF CATALYST CURED FILMS 
To ensure that the polyimides formed by low temperature curing retained the 
properties of the standard thermally cured material, the modulus, hardness, and dielectric 
properties of films cured using DBU BnBr were determined.  
Adding the polar DBU BnBr to PI films could adversely affect the dielectric 
constant, dissipation factor and water absorption, so loadings of 1, 5, and 10 wt% catalyst 
in mPMDA-TFMB-EE were used determine the extent of curing at 200°C (Figure 5.15). 
After one hour at 200°C, only the films containing a 10 wt% loading of DBU BnBr were 
completely cured. In this same period of time, imidization in the catalyst-free film was 
only about 10%; even a 1 wt% loading resulted in a greater than 50% cure.  
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Figure 5.15: Imidization in mPMDA-TFMB-EE films at 200°C as a function of time 
using various loadings of DBU BnBr 
The previous curing studies showed that 5 wt% loading requires temperatures 
around 220°C for 15 minutes for curing, so we decided that materials properties should 
be tested at 200, 220, and 350°C for catalyst loadings of 1, 5, and 10 wt% DBU BnBr in 
mPMDA-TFMB-EE. Unfortunately, our lab is not equipped for mechanical or dielectric 
testing at present, so Jared Schwartz at the Georgia Institute of Technology performed 
these measurements. Figure 5.16 shows the modulus and hardness of the film as a 
function of loading and cure temperature for mPMDA-TFMB-EE cured for 1 hour, as 
measured by nanoindentation. The modulus of the film does not change significantly with 
cure temperature, even in the case of the 1 wt% loading where the lower cure 
temperatures are not sufficient for complete curing. The catalyst appears to slightly 
increase the modulus with increased loading. The film hardness, however, is a much 
stronger function of cure temperature (Figure 5.16b). The low temperature catalyst-cured 























However, as was the case with modulus, adding catalyst resulted in improved mechanical 
properties over the standard un-catalyzed high temperature cure. 
 
    
Figure 5.16: Mechanical properties of mPMDA-TFMB-EE cured for 1 hour at various 
temperatures using various loadings of DBU BnBr catalyst a) reduced 
modulus b) film hardness 
The dielectric properties of the catalyst-cured films were also tested at Georgia 
Tech (Figure 5.17). These measurements were collected at 200 kHz by the capacitance 
method (through-plane properties). From the dielectric measurements (Figure 5.17a), the 
catalyst loading appears to increase the dielectric constant slightly. This was expected 
due to the ionic character of the catalyst, which should cause a considerable increase in 
the dielectric constant, even at low frequencies.
144
 The most visible difference is in the 
dielectric constant for the material cured at 200°C using a 1 wt% catalyst loading. At that 
point the dielectric constant is much larger than the others measured, which is likely due 
to the lower degree of imidization. The large number of polar, primary amide bonds still 
present contribute somewhat to increasing the dielectric constant, and the lack of curing 
also creates problems during aluminum evaporation which also adversely affects the 
dielectric constant. From Figure 5.17b, it is clear that the ionic catalyst raises the 
dissipation factor considerably, with the 5 and 10 wt% loadings reaching values of about 
0.025. Also noteworthy is that the films cured at 350°C have about the same dielectric 
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properties regardless of catalyst loading. As the catalyst decomposes around 300°C, the 
catalyst was largely volatilized during the 350°C cure and the resulting films were 
essentially catalyst free. 
 
 
Figure 5.17: Dielectric properties of mPMDA-TFMB-EE cured with DBU BnBr at 
various temperatures and catalyst loadings at 200 kHz a) Dielectric constant 
b) Dissipation factor 
In summary, the DBU BnBr catalyst adversely affects the dissipation factor and 
slightly increases the dielectric constant of cured films. However, the modulus of catalyst 
cured PMDA-TFMB is largely independent of cure temperature, and is actually increased 
by catalyst loading. Likewise, the film hardness is increased with catalyst loading and is a 
strong function of cure temperature. 
 
CATALYST CURING OF OTHER POLYIMIDE PRECURSORS 
Other PI precursor systems were also tested with the DBU BnBr curing catalyst to 
ensure the generality of the catalyst. Poly(amic acids), which are much easier to prepare 
than the amic esters, were tested first using the standard conditions (Figure 5.18a). PAAs 
begin to imidize at much lower temperatures than either the PAEs or the PIIs, so 
significant imidization (~50%) occurs at 200°C in 15 minutes. Even a full cure is 
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achievable at 250°C without the need of catalyst. However, the DBU BnBr is still able to 
cure the PAA at 200°C, which is not possible in the un-catalyzed film. Figure 5.18b 
shows the same experiment but instead using the isoimide instead of the amic acid 
polymer. While PIIs tend to be more soluble than the equivalent PI in polar aprotic 
solvents, using exclusively rigid dianhydride monomers such as PMDA results in 
insoluble polymers.
311-312
 Attempts to synthesize PMDA-TFMB isomide resulted in 
formation of an insoluble gel during conversion of the precursor PAA to the PII. So, we 
substituted 10 mol% of the PMDA with flexible 4,4’-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA) to improve the solubility of the 
otherwise quite rigid PMDA-TFMB isomide polymer. As seen in the figure, the isomide 
polymer is much more difficult to imidize than the corresponding PAA, only reaching 
about 40% imidization at 250°C in 15 minutes while the PAA is almost completely cured. 
Even the addition of DBU BnBr does not completely cure the isoimide, even at 250°C.  
 
 
Figure 5.18: Imidization in other PMDA-TFMB precursors using 5 wt% DBU BnBr       
a) poly(amic acid) b) poly(isoimide) 
PIIs are the kinetic product during dehydration of PAAs, and tend to be produced 
when a dehydrating agent with good leaving group is used.
313-314
 Isomides have also been 
proposed as intermediates in the base-catalyzed imidization of aryl amic esters, and 
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claimed to imidize more quickly in the presence of amines than the corresponding amic 
esters.
124
 However, no isomide was observed in HPLC studies of model compounds.
124
 
The isoimide film curing in our study was also more rapid than in the case of the PAE, 
though the difference at the 250°C cure was only 40% vs. 25% imidization.  
We also explored curing the more traditional para PMDA-ODA ethyl ester 
polymer (pPMDA-ODA-EE) with the DBU BnBr catalyst (Figure 5.19a). The para 
isomer was used for the study as it had already been prepared for the directly patternable 
dielectric project. For this polymer, imidization appears to go much more smoothly and 
results in a higher degree of imidization than in the case of mPMDA-TFME-EE. This is 
likely due to a combination of both the para linkage as well as the more flexible ODA 
monomer. The para linked polymer is easier to imidize as it requires less conformational 
change upon curing than the kinked meta isomer; both the para PAE and the resulting PI 
are linear. It is also known that residual NMP in the film helps the para isomer cure at 
lower temperature than the meta isomer.
167, 315
 The pPMDA-TFMB-EE polymer 
unfortunately produced rough and opaque films as discussed in previous chapters, so it 
was not available as a direct comparison to curing in the meta isomer polymer. The meta 
PMDA-TFMOB polymer (mPMDA-TFMOB-EE) was also cured using DBU BnBr 
catalyst (Figure 5.19b). However, the results are considerably different than in the other 
PAEs. While all the PAEs cured around 200-220°C with the DBU BnBr catalyst, the 
mPMDA-TFMOB-EE polymer experiences a considerable drop in imidization if the 
initial curing temperature is higher than 200°C. The other PAEs only show a minor 
decrease in imidization if baked initially at too high of a temperature while the TFMOB 





Figure 5.19: Imidization in other PAEs using 5 wt% DBU BnBr. a) pPMDA-ODA-EE b) 
mPMDA-TFMOB-EE 
All of the other polymers studied appear to reach a curing maximum before 
slowly decreasing, but none to the extent of mPMDA-TFMOB-EE. Interestingly, this 
decreased imidization trend remains in the TFMOB films initially baked at temperatures 
above 200°C even after curing at 350°C overnight (Figure 5.20). While the final 
imidization in films containing no catalyst is unaffected by the initial low temperature 
bake, no further imidization occurs during the high temperature cure for samples initially 
baked above 200°C. This is reasonable from a curing perspective, as PIs are often cured 
in multiple steps
316
 and exhibit different properties depending on the cure temperature.
317
 
Curing at too high of an initial temperature causes a significant loss of solvent from the 
film very quickly and can lower properties such as glass transition temperature relative to 
optimally cured films.
316
 The glass transition temperature is a proxy for the degree of 
imidization, so the decreasing imidization at higher temperatures is likely the same 
phenomenon observed in other papers. However, most other works have focused on the 
more common and lower curing PAA. The reason we did not observe a lower degree of 
imidization in the uncatalyzed films may be that an even higher initial curing rate 
(temperature) is required to freeze the partially cured conformation. In the case of this 
experiment, the DBU BnBr catalyst increases the reaction rate enough to see this effect. It 
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is also possible that there is an internal standard issue with the TFMOB polymer and the 
C-C aromatic peak may not be invariant. 
 
 
Figure 5.20: Imidization in fully cured mPMDA-TFMOB-EE initially low temperature 
baked for 15 min at various temperatures. 
Finally, the CBDA-TFMB-ME polymer was also cured using a 5 wt% DBU BnBr 
loading and compared to the mPMDA-TFMB-EE curing (Figure 5.21). Without any 
catalyst present, both ester polymers exhibit the same lack of imidization, only reaching 
about 20% imidization after baking at 250°C. However, the DBU BnBr catalyst is 
effective for curing CBDA-TFMB-ME, unlike the previous attempts with PBGs. The 
higher temperature required for curing the CBDA ester is also consistent with the kinetic 
data obtained from amine catalyst CBDA model compound curing. The observed rate 
constant was much lower, so higher temperatures should be needed to obtain the same 
degree of curing in 15 minutes. This catalyst does still reduce the curing temperature to 
under 250°C, so it would allow CBDA-TFMB to be used as a packaging dielectric, 
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Figure 5.21: Imidization of PMDA-TFMB and CBDA-TFMB ester polymers using 5 
wt% DBU BnBr. Films were baked for 15 minutes. 
 
GUANIDINE-BASED SALTS 
The conjugated amidine salts (e.g. DBU and DBN salts) as well as BMIM were 
the best catalysts for imidization and performed better than unconjugated TBA salts. We 
believed that further conjugation could even further decrease the curing temperature of 
the resist. To test this, we prepared salts based on 1,5,7-triazabicyclo[4.4.0]dec-5-ene 
(TBD, Figure 5.22). While TBD is a very strong guanidine base, it cannot be rendered 
inert by simply reacting with an alkyl halide as was the case for DBU. Doing so only 
generates a neutral base (and a protonated salt by-product) which instantly gels PAE 
solutions. TBD must be alkylated twice to form a salt, and the easiest salt to make this 
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salt, the tetrafluoroborate salt was also tested. It was prepared easily from the iodide salt 





Figure 5.22: TBD and methylated salt derivatives 
The effect of 5 wt% loadings of the DMTBD salts is shown in Figure 5.23. While 
the more stabilized fluoroborate salt appears to perform equally well as DBU BnBr, the 
iodide salt is by far the best catalyst tested. Complete curing is achievable at 190°C in 15 
minutes using this catalyst, whereas almost no imidization occurs in the uncatalyzed 
control film. Additionally, films containing this catalyst do not begin imidization until 
160°C. However, we did experience severe solution stability problems with this catalyst, 
and unexpectedly these were not due to solution gelation. This instability was first 
noticed when dissolving the salt in chloroform for NMR. A bright yellow solution formed 
from the colorless salt. This also occurred when preparing NMP solutions, even in yellow 
light. The carbonyl to aromatic peak area ratio in IR decreases with initial cure 
temperature after fully thermally curing the films at 350°C (recall that this is the metric 
for imidization). Strangely, the ratio was also found to decrease with increasing catalyst 
loading and the amount of time between preparing the formulation and casting the film. 
While this would be reasonable in the case of the low temperature cured films, these 
results are after complete curing, showing that this catalyst can actually decrease 
imidization if the initial curing temperature or catalyst loading is too high, or if the 
catalyst is not added to the formulation immediately prior to use. 
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Figure 5.23: Imidization of mPMDA-TFMB-EE using dimethyl TBD salts and DBU 
BnBr at 5 wt% loadings 
 
CONCLUSIONS 
The meta diethyl ester of PMDA-TFMB was exposed to a variety of organic and 
inorganic salts and then cured at temperatures from 140-250°C. Unexpectedly, it was 
found that even inorganic salts such as LiCl catalyzed the imidization reaction. However, 
organic salts performed far better as imidization catalysts and could affect complete 
curing at temperatures as low as 190°C in 15 minutes. Quaternary ammonium salts were 
less effective than the more conjugated benzyl DBU, BMIM and DMTBD salts. 
Additionally, the nucleophility of the anion appears to play a role in the curing process 
with halide salts being more effective than bis(triflimide), triflate, and tosylate anions. 
The mechanical and dielectric properties of films cured with DBU BnBr were 
studied. It was found that the modulus and hardness of films is actually improved by the 























however, negatively affected. This is likely due to the ionic nature of the catalyst as well 
as it being very hygroscopic. 
Finally, other polyimide precursors were cured using DBU BnBr. It was found to 
be a curing catalyst for PMDA-TFMB PAA and isoimides, as well as PAEs of PMDA-
ODA and PMDA-TFMOB. However, there is substantial imidization below 200°C in the 
case of PAA even without catalyst, and the isoimide still requires a curing temperature of 
about 250°C with catalyst. PMDA-ODA is cured even more easily than PMDA-TFMB 
and will completely imidize at 200°C. The PMDA-TFMOB also cures at 200°C, but 
higher initial curing temperatures result in greatly reduced imidization. Overall, this 
appears to be a general trend with the more active amidine, guanidine, and imidazole 
based catalysts, so initial low temperature curing should not be performed at temperatures 




All solvents and regents were obtained from commercial sources and used as 
received, unless otherwise specified. DCM and TEA were distilled from CaH2 while THF 
and DMF were purified by eluting through an alumina column solvent delivery system 
under argon. NMP was vacuum distilled from P2O5. TFMB was purified by sublimation 
in vacuum prior to use. Reactions were run in flame-dried glassware and under nitrogen 
atmosphere, expect where noted. CBDA-TFMB-EE, mPMDA-TFMB-EE, mPMDA-





C NMR spectra were obtained on a Varian Unity Plus 400 MHz 
instrument. Solvent proton peaks are used as the internal standard (CDCl3 
1
H 7.26 ppm, 
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13
C 77.0 ppm; DMSO-d6 
1
H 2.49 ppm, 
13
C 39.5 ppm; CD3OD 
1
H 3.31 ppm, 
13
49.0 ppm). 
HRMS (CI) was performed on a VG analytical ZAB2-E instrument and HRMS (ESI) on 
an Ion Spec FT-ICR instrument. All HRMS is ESI unless otherwise specified. 
Decomposition temperatures were found using a TA Instruments TGA Q500 at ramp rate 
of 10°C/min. DSC was performed using a TA Instruments DSC Q100 at 10°C/min. 
 
Degree of Imidization by IR Spectroscopy 
 Formulations were prepared using a 5 wt% catalyst loading to polymer in NMP at 
10 wt% total solids. The solutions were spincoated (1500 rpm) onto double-side polished 
silicon wafers preheated to 100°C and then baked for 2 minutes at 100°C to obtain films 
approximately 400 nm thick by ellipsometry (JA Woolam VASE ellipsometer). The 
wafers were then broken into shards and each shard was heated for 15 minutes at 140, 
150,…or 250°C. All the films were then measured on a ThermoSci Nicolet 6700 FT-IR in 
transmission mode before being fully cured overnight at 350°C in a vacuum oven. No 
imidization was observed in samples after the post apply bake at 100°C. The degree of 
imidization was then calculated by: 
 
Imidization = (A1783/ A1491)sample / (A1783/ A1491)cure                                 (5.1) 
 
where imidization is the fractional conversion of the ester groups to imides, A1783 is the 
area of the C-O stretch of asymmetric stretch of the imide carbonyl and A1491 is the C-C 
aromatic stretch used as an internal standard in the study. Subscript “sample” after the 
ratio refers to the polymer baked at each temperature for 15 minutes. “Cure” refers to the 
samples after complete curing. Error bars were calculated by using the standard deviation 
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of 3 trials and propagating the error with the standard deviation of 12 fully cured samples 
for each experiment.  
 In the case of pPMDA-ODA-EE curing, the C-N peak (1376 cm
-1
) was used 
instead of the imide carbonyl peak as there was no overlap with nearby peaks, while the 
C=C aromatic stretch (1500 cm
-1




PMDA-TFMB Poly(amic acid) 
TFMB (2.94 g, 9.17 mmol) was dissolved in 28 mL NMP in a 100 mL RBF. PMDA 
(2.00 g, 9.17 mmol) was then added in one portion. The solution immediately turned a 
dark brown color but after about 30 seconds was yellow. After stirring overnight, the 
solution was colorless. The 15% PAA solution was then refrigerated and used without 




Prepared in a similar manner to Seino et al.
312
 In a 250 mL RBF, TFMB (2.56 g, 8.00 
mmol) was dissolved in 20 mL NMP. PMDA (1.57 g, 7.20 mmol) and 6FDA (0.355 g, 
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0.80 mmol) were then added. The solution quickly became an orange-brown color before 
fading to a colorless solution. After stirring overnight, phthalic anhydride (0.140 g, 0.95 
mmol) was added and the solution stirred for 2 hours. The solution was then diluted with 
60 mL NMP and cooled to 0°C. TEA (3.30 mL, 24.0 mmol) was added dropwise, and the 
solution became quite viscous. Trifluoroacetic anhydride (5.0 mL, 35 mmol) was then 
added dropwise with vigorous stirring. The solution immediately turned a brilliant yellow 
color. After stirring for 4 hours, the solution was precipitated into 800 mL of isopropanol, 
filtered, and dried in vacuum overnight at 80°C to obtain a yellow fibrous solid. (4.34 g, 
100%) 
1
H NMR (400 MHz, DMSO) δ 8.93-7.29 (m) 
  
 
1-benzyl-2,3,4,6,7,8,9,10-octahydropyrimido[1,2-a]azepin-1-ium bromide (DBU 
BnBr) 
In a 250 mL RBF, benzyl bromide was dissolved in 100 mL DCM. The solution was 
cooled to 0°C and neat DBU was added dropwise. After stirring overnight, the solution 
was concentrated and the crude product recrystallized from DCM/Et2O. (6.26g, 98%). Mp 
159-162°C. 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.36 (m, 1H), 7.35 – 7.29 (m, 1H), 7.22 
– 7.17 (m, 1H), 4.86 (s, 1H), 3.83 – 3.69 (m, 3H), 2.97 – 2.88 (m, 1H), 2.26 – 2.17 (m, 
1H), 1.88 – 1.65 (m, 3H). 
13
C NMR (101 MHz, CDCl3) δ 167.0, 133.9, 129.0, 128.1, 





1-benzyl-2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium bromide (DBN BnBr) 
In a 100 mL RBF benzyl bromide (2.75g, 16.1 mmol) was dissolved in 20 mL DCM. The 
solution was cooled to 0°C and then DBN (2.0g, 16.1 mmol) was added as a neat solid. 
After addition, the solution was warmed to room temperature and stirred for 6 hours. The 
solution was then concentrated to obtain an oil. Recrystallization from DCM/THF gave a 
slightly off-white solid. (4.41g, 93%) 
1
H NMR (400 MHz, CDCl3) δ 7.29 – 7.23 (m, 2H), 
7.23 – 7.18 (m, 1H), 7.18 – 7.14 (m, 2H), 4.59 (s, 2H), 3.80 (t, 2H), 3.47 (t, J = 5.9 Hz, 
2H), 3.35 (t, 2H), 3.17 (t, J = 8.0 Hz, 2H), 2.20 – 2.11 (m, 2H), 2.09 – 2.02 (m, 2H). 
13
C 
NMR (101 MHz, CDCl3) δ 165.6, 133.4, 129.3, 128.7, 127.49, 56.8, 54.8, 44.7, 42.77, 
31.7, 19.3, 18.4. 
 
 
1-ethyl-2,3,4,6,7,8,9,10-octahydropyrrolo[1,2-a]azepin-1-ium bromide (DBU EtBr) 
In a 25 mL RBF, ethyl bromide (0.72g, 0.5mL, 6.6 mmol) was dissolved in 5 mL DCM. 
DBU (1.0g, 6.6 mmol) was added dropwise as a neat liquid. The solution was stirred 
overnight and the exotherm was much less pronounced than when using BnBr. The 
solution was concentrated and recrystallized from DCM/THF to obtain translucent white 
crystals. (1.31g, 76%) 
1
H NMR (400 MHz, CDCl3) δ 3.60 – 3.55 (m, 2H), 3.49 (ddd, J = 
14.5, 10.6, 6.5 Hz, 6H), 2.77 (dd, J = 7.2, 2.8 Hz, 2H), 2.06 – 1.95 (m, 2H), 1.68 – 1.54 
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(m, 6H), 1.11 (t, J = 7.3 Hz, 3H). 
13
C NMR (101 MHz, CDCl3) δ 166.0, 55.1, 49.1, 48.9, 




Dimethyl carbonate (250 mL, 3.0 mol) and TBD (50.0 g, 359 mmol) were added to a 500 
mL RBF. The flask was connected to a 3 section Synder distillation column and 
distillation head with a 2 neck receiving flask. The second neck was connected to a 
bubbler to prevent air entering the system. The solution was heated to 105°C for 6 hours 
and then cooled to room temperature overnight. The crude product was then concentrated 
in vacuum. About 125 mL of heptane and 15 g of celite were added and the solvent was 
again removed. Additional heptane (175 mL) was added and the resulting slurry filtered 
through celite under nitrogen. After concentrating, a yellow oil was obtained. The crude 
product was then distilled (84°C, 0.9 torr) to obtain a colorless, slightly viscous oil (38.6 
g, 70%). 
1
H NMR (400 MHz, benzene) δ 3.60 – 3.56 (m, 2H), 2.93 (s, 3H), 2.73 – 2.65 
(m, 4H), 2.58 – 2.53 (m, 2H), 1.67 – 1.60 (m, 2H), 1.53 – 1.46 (m, 2H). 
13
C NMR (101 
MHz, benzene) δ 151.18, 48.84, 48.81, 48.41, 44.87, 37.44, 23.99, 23.57. HRMS [M+H]
+
 










MTBD (1.0 g, 6.5 mmol) was dissolved in 10 mL THF in a 50 mL RBF. Methyl iodide 
(0.41 mL, 6.5 mmol) was then added in one portion. The solution quickly became cloudy 
and a white precipitate began to form. After stirring for 1 hour, the reaction was diluted 
with 20 mL ether and stirred for 5 minutes before the solvent was decanted off. The white 
solid was washed twice more with 20 mL of ether and the solid dried in vacuum (1.69 g, 
88%). mp 258-259°C (decomp) 1H NMR (400 MHz, CD3OD) δ 3.50 (t, J = 6.3 Hz, 4H), 
3.38 (t, J = 5.8 Hz, 4H), 3.08 (s, 6H), 2.13 (dt, J = 12.1, 6.2 Hz, 4H). 
13
C NMR (101 




tetrafluoroborate (DMTBD BF4) 
DMTBD I (3.00 g, 10.2 mmol) was dissolved in 9 mL of acetonitrile. In an argon filled 
glovebox silver tetrafluoroborate (1.98 g, 10.2 mmol) was added to a 100 mL RBF. The 
sealed flask was removed from the glovebox and placed on a Schlenk line and 21 mL of 
acetonitrile was added. After the silver tetrafluoroborate had dissolved, the DMTBD I 
solution was added dropwise at room temperature. A yellow precipitate formed 
immediately. After stirring for one hour, the solution was filtered through a syringe filter 
to remove precipitated AgI, concentrated, and recrystallized from DCM/toluene to obtain 
white needles (1.42 g, 55%). mp 204-208°C (decomp) 1H NMR (400 MHz, CDCl3) δ 
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3.38 (t, J = 6.3 Hz, 4H), 3.27 – 3.21 (m, 4H), 2.96 (s, 6H), 2.04 (dt, J = 12.2, 6.2 Hz, 4H). 
13
C NMR (101 MHz, CDCl3) δ 157.91, 48.23, 48.03, 40.72, 20.99. 
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By now the importance of photoactive compounds (PACs) in the microelectronics 
industry should be clear to the reader. As discussed in Chapter 1, the use of photoactive 
compounds is central to the lithographic processes used in the production of computer 
chips. Typically photoacid generators (PAGs) are used in the industry as they are capable 
of producing super acids with high quantum efficiency.
26, 54
 Radical generating 
photoinitiators are also utilized in acrylate based crosslinking schemes for negative tone 
resists, such as commercial PSPIs.
109-110
 Photobase generators (PBGs) on the other hand 
have been more of an academic curiosity. However, as detailed in Chapter 3, the 
microelectronics industry has been interested in the use of PBGs in photosensitive 
polyimide formulations as well as for decarboxylating photoresists.
59, 63, 126, 319
 
The development of photobase generators has largely come from synthetic 
organic chemistry. Photosensitive protecting groups (PPGs) have long been required to 
shield sensitive parts of complex organic molecules from reactions occurring elsewhere 
in the molecule.
320-322
 These groups offer the advantage of being able to be selectively 
cleaved under mild conditions in the presence of light and provide orthogonal protection 
to traditional acid/base sensitive protecting groups. Several reviews have been published 
on PBGs in particular.
61, 323
  
The set of requirements for good PBGs closely follows those of photosensitive 
protecting groups in general. These materials should exhibit the following characteristics: 
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1) The PBG should absorb in the UV at the desired exposure wavelength. For use in 
193 nm photoresists, such as the pitchdivision resists described in Chapter 2, 
nearly any PBG will meet this requirement. For use in PSPI, this requires that the 
PBG be significantly red-shifted and have substantial absorbance at i-line (365 
nm) or an even longer wavelength. 
2) High quantum efficiency (Φ) is desirable. Quantum efficiency is defined as the 
ratio of the amount of base produced divided by the number of photons absorbed 
by the PBG. In general, the efficiency is a function of wavelength and tends to be 
lower for PBGs than PAGs. High quantum efficiency allows for shorter exposures 
and increased throughput. 
3) The PBG should photo-bleach upon exposure. That is, the absorbance of the 
photoproducts should be lower than the starting PBG. This allows for higher 
loadings of PBG and for the patterning of the thick films required in packaging 
dielectrics as the photoproducts do not compete with the unreacted PBG for light. 
4) Finally, the PBG should be thermally stable. For pitchdivision resists, 
temperatures of up to 120°C are required during post exposure bake steps. 
However, temperatures of at least 140°C are required for PSPI, with even higher 
thermal stability being desirable. 
 
CARBAMATE PBGS 
Typically, PBGs are based on carbamates. These are primary or secondary amines 
that exist as amides protected by a photosensitive protecting group. Figure 6.1 shows a 
few representative examples. Upon exposure, the PPG (black) is removed to form a 
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carbamic acid. These carbamic acids are unstable, especially at post exposure bake 
temperatures, and release carbon dioxide (blue) to form the free amine (red). 
 
 
Figure 6.1: Examples of carbamate type PBGs  
Of the carbamate class of PBGs, ortho-nitrobenzyl (ONB) carbamates are the 
most commonly used.
61
 The mechanism for base generation upon light exposure is shown 
in Figure 6.2. In this process an intramolecular redox reaction occurs in which the excited 
state of the aromatic nitro group abstracts a benzylic proton to form a cyclic intermediate. 
This intermediate then collapses forming o-nitrosobenzaldehyde, carbon dioxide, and the 
amine. This protecting group was originally developed by Barltrop et al. at Oxford in the 
1960s,
321-322
 used as a protecting group for amino acids in the 1970s by Patchornik and 
Woodward,
58
 and finally explored as a candidate for PBGs by Cameron and Frechet in 
the 1990s.
79
 As the reaction is intramolecular, it functions in the solid state. The quantum 
efficiency for standard ONB carbamates was found to be 0.13 at 254 nm, which is 
reasonably efficient for PBGs.
79
 Note, however, that this was performed using IR 
spectroscopy and calculating quantum efficiency was based on disappearance of starting 
material and not generation of base. Our results from the pitchdivision base quantification 
experiments showed that base generation quantum efficiency is often much lower, and 
values obtained in the Cameron paper are significantly higher than reported literature 
values for the quantum efficiency.  
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Figure 6.2: Proposed mechanism of the photolysis of o-nitrobenzyl carbamate PBGs
82
  
The major drawback of the ONB carbamates is that they only absorb strongly at 
wavelengths below about 320 nm (Figure 6.3). The ONB group can be modified with 
electron donating methoxy groups to form the 6-nitroveratryloxycarbonyl (NVOC) 
chromophore, as discussed in Chapter 3. However, this reduces quantum efficiency 
significantly (Φ~0.01)
171
 and therefore requires large doses for patterning.
276
 The 
synthesis of the stronger base PBG NVOC 2,2,6,6-tetramethylpiperidine (NVOC TMP) 
was reported by IBM,
324
 and we tested it for our PSPI system. However, it actually was 
less effective than regular piperidine, likely due to the increased steric hindrance. We also 
tested a mono-methoxy ONB piperidine (MONB piperidine) variation, but found the 
absorbance at i-line to be insufficient for patterning. The low degree of imidization using 
the piperidine-based carbamate PBGs in our PSPI system and the ability of low loadings 
of DBU to completely cure the films at 200°C led us to consider new classes of PBGs 




Figure 6.3: UV spectrum of 220 μM ONB cyclohexylcarbamate in acetonitrile 
 
NVOC AMIDINE PBG 
Generating tertiary amines or amidine bases present a new challenge when 
compared to the carbamate based PBGs that generate primary or secondary amines. To 
create PBGs that produce these bases, three general methods that have been employed. 
The first is based on photochemical de-alkylation of quaternary salts,
282, 325
 the second on 
decarboxylation of acetate salts
326-327
 and the third is conversion of tertiary amines into 
amidines.
326
 The literature also contains a report of using an NVOC protected aminoalkyl 
lactam that generates DBU upon exposure to cure epoxy resins (NVOC DBU, Figure 
6.4).
328
 While the dehydration reaction of the aminoalkyl lactam is the commercial route 







Figure 6.4: Production of DBU from NVOC protected aminoalkyl lactam 
However, as this compound is easily prepared, not a salt or an amine, and claimed 
to generate DBU, it appeared to be a reasonable place to begin in the search for amidine 
PBGs. Strangely, despite DBU being commercially prepared from the 3-aminopropyl-ε-
caprolactam (APCL), the lactam itself is not commercially available. It was synthesized, 
rather ironically, by first hydrolyzing DBU in a minimal amount of water. The PBG was 
then prepared by reacting APCL with NVOC chloride in the presence of TEA to absorb 
the generated acid (Figure 6.5). While the reactions proceeded smoothly, purification of 
the PBG by flash chromatography proved to be a challenge. NVOC DBU is quite polar 
and not very soluble in many organic solvents, which resulted in significant streaking on 
the column, even when using 100% EtOAc as the eluent. 
 
 
Figure 6.5: Synthesis of NVOC DBU 
 The NVOC DBU photobase was then tested and compared to NVOC piperidine in 
its ability to imidize mPMDA-TFMB-EE polymer (Figure 6.6). Both PBGs generate 
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base, but NVOC DBU is actually less effective than our standard NVOC piperidine 
photobase. The difference in molecular weight of the PBGs is minimal, so the molar 
concentration cannot explain the observed difference. It is known that primary amines are 
slightly worse catalysts then secondary amines for the imidization reaction.
125
 From these 
data, it appears that the primary amine is generated from NVOC DBU, but it does not 
dehydrate to the much more reactive at these temperatures during a 10 minute PEB. If 
anything, the gap between the piperidine and DBU PBGs appears to actually grow with 
increasing temperature. The cyclized DBU is a stronger base and it should diffuse more 
quickly than the APCL, further suggesting that DBU is not produced on the timescale of 
minutes. While easy to prepare, NVOC DBU is just not an effective catalyst for the PSPI 
system.  
One other attempt to use a NVOC chromophore focused on modifying the DBN 
BnBr curing catalyst from Chapter 5 to replace the benzyl group with 3,4 dimethoxy-2-
nitrobenzyl (NVDBN Br). While slightly different than the NVOC group due to the lack 
of a carbonyl spacer, this compound was found to not be a PBG (though it still functioned 
as a thermal curing catalyst for polyimides). The lack of success in generating amidine 





Figure 6.6: Comparison of NVOC piperidine and NVOC DBU on the curing of mPMDA-
TFMB-EE. Films were loaded with 5 wt% PBG, exposed to 2 J/cm
2
 i-line 
radiation and baked for 10 minutes at various temperatures 
 
NORRISH TYPE II AMIDINE PBG 
Our discovery of the catalytic curing effects of many organic salts on polyimide 
precursors led us to focus on non-salt precursors to amidines. It is known that the relative 
effectiveness of amine bases on poly(amic ester) curing increases roughly as 3° < 1 °< 2° 
<< amidine.
124-125
 With this knowledge, it seemed possible that significant contrast could 
be obtained by photochemically converting a tertiary amine into an amidine. Two 
different routes to this have been reported in patents (Figure 6.7). Both are based on N-
alkylated hydrogenated amidines and were developed at Ciba-Geigy (now part of BASF). 
In the first case, hydrogenated benzyl DBN (Bn-HDBN) derivatives were reported to 
generate DBN, presumably through an intramolecular redox reaction to give toluene 
derivatives as the side-product.
326























(PA-HBDN) to abstract the proton alpha to the two nitrogen atoms (the 8a position) in a 
Norrish Type II reaction.
327




Figure 6.7: Reported tertiary amines that generate DBN upon UV exposure  
Bn-HDBN was first tested for thermal stability in the mPMDA-TFMB-EE system 
(Figure 6.8). The compound is stable to about 100-120°C before degrading and acting as 
a reasonably effective curing catalyst. This is in agreement with TGA showing the 
material beginning to degrade around 100°C. Additionally, the poor yield after 
purification of this compound is assumed to be due to degradation during distillation. A 
distillation pressure lower than 0.67 torr (87-90°C) is recommend as the material went 
from a colorless oil to a viscous red gel upon heating. This curing behavior could actually 
be advantageous as we envisioned that PSPI could be printed by first exposing, baking at 
low temperature, developing, then heating to about 220°C to affect the full cure. 
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Figure 6.8: Effect of 5 wt% Bn-HBDN on imidization in mPMDA-TFMB-EE. Samples 
were unexposed and baked 10 minutes at various temperatures 
Films of mPMDA-TFMB-EE containing 5 wt% Bn-HDBN and 1.2 equivalents of 
isopropylthioxanthone (ITX, i-line sensitizer) were exposed to i-line radiation at doses up 
to 10 J/cm
2
 and baked at 120°C. However, no imidization was observed, even at these 
extremely high doses, so further studies with Bn-HDBN were abandoned. 
PA-HDBN was prepared by Dr. Ryan Mesch. This material was designed to 
undergo a Norrish Type II reaction upon exposure to UV light (Figure 6.9). In this 
reaction, a γ-hydrogen (a hydrogen atom 3 carbon atoms away from the carbonyl) is 
abstracted to generate a 1,4 di-radical species.
115
 In the desired reaction, the di-radical 
then fragments into an alkene and an enol.
330
 In the case of phenacyl protecting groups, 




























Figure 6.9: Proposed Norrish Type II reaction in PA-HDBN  
 
PA-HDBN was dissolved in acetonitrile in a quartz NMR tube and de-gassed by 
bubbling nitrogen through the solution. The solution was then exposed to 254 nm 
radiation in a Rayonet reactor and the progress of the photolysis was monitored by 
1
H 
NMR spectroscopy (Figure 6.10). The expected acetophenone product was clearly 
produced in the reaction. DBN also appeared to be produced based on the appearance of a 
pair of triplets at 3.2 ppm corresponding to the positions marked red in the figure. 
 
 
Figure 6.10: NMR spectra of PA-HDBN in acetonitrile after 254 nm exposure 
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While this result was the goal of this PBG, the PA-HDBN system is a bit more 
complex than a typical Norrish substrate. There are multiple different γ-hydrogens, there 
is a nitrogen atom instead of a carbon in the β position, and there is a fused ring system. 
Of these, we believed that the fused rings and multiple γ-hydrogens could create 
problems. There are twice as many γ-hydrogens in 2 position as there are in the 8a 
position (carbon between the nitrogens). The requirement that the carbonyl oxygen must 
be spatially close to the γ-hydrogen to abstract it means that the carbonyl is more likely to 
abstract a less sterically hindered hydrogen. Additionally, the fused ring nature of the 
PBG means that this compound prefers a pseudo trans conformation with the hydrogen 
and phenacyl groups on opposite sides of the ring at room temperature. In this 
conformation, the carbonyl group may be too far away to effectively abstract the 8a 
hydrogen. Taken together, it seems much more likely that hydrogen abstraction should 
occur at the 2 position to form an imine rather than at the 8a position to form the desired 
amidine. However, the 1,4 di-radical containing a radical in the 8a position  may be 
significantly more stable than in the 2 position, resulting in the production of DBN in the 
solution phase. Both phenyl and p-dimethylaminophenyl derivatives of this PBG were 
explored in the patterning of mPMDA-TFMB-EE films. However, there was no 
observable difference after baking between exposed and unexposed regions. It appears 
that this class of PBGs is capable of producing amidine bases in solution as the patent 
claimed, but unfortunately they are not effective catalysts in the solid phase. 
 
SALT-BASED PBGS 
At this point we believed that we had exhausted all of the reported amidine PBGs 
that did not utilize salts and were still in desperate need of a stronger base PBG, so we 
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targeted protonated salt PBGs. These PBGs can be thought of as salts formed from the 
neutralization of an acid and a base. A few examples are shown in Figure 6.11. All of the 
examples shown generate the guanidine base TBD, which is stronger than amidine bases 
such as DBU and DBN. However, amine, amidine or even phosphazene bases should be 
able to be used in theory. In the case of TBD-NP and TBD-XA, these PBGs were 
prepared simply by mixing solutions of TBD and the free acetic acid derivatives. The salt 
product then quickly precipitates from solution and can be filtered off to give the pure 
PBG with no further purification necessary. Both of these PBGs are reported to function 
in the same manner: upon UV exposure the chromophore dercarboxylates and abstracts a 





Figure 6.11: Reported PBGs based on protonated salts 
Figure 6.12 shows the results of i-line exposure of mPMDA-TFMB-EE 
containing 5 wt% loadings of TBD-NP and TBD-XA in about 400 nm thick films. 
Unfortunately, neither appears to generate base photochemically. However, both graphs 
show that our concerns with using salt-based PBGs were justified; both PBGs caused 
imidization in the film even without UV exposure at our standard PEB temperature 
conditions. This was especially true in the case of TBD-NP, where the degree of 
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imidization in unexposed samples is on par with what we observed in exposed regions 
using traditional NVOC PBGs in our PSPI system. 
 
 
Figure 6.12: Imidization in mPMDA-TFMB-EE using 5 wt% loadings of a) TBD-NP and 
b) TBD-XA. Samples were exposed to 2 J/cm
2
 365 nm radiation then baked 
for 10 minutes. 
TBD-TPB and its derivatives are easy to prepare. TBD was first dissolved in a 
dilute HCl solution to generate the hydrochloride salt in solution. An aqueous solution of 
NaBPh4 was then added and the PBG precipitated from solution.
283
 The photolysis of the 
tetraphenylborate anion is well-studied and primarily produces triphenylboron and 
benzene in the presence of proton sources.
283, 332-333
 This means that unlike the cases of 
the decarboxylating PBGs, the Lewis acidic triphenylboron by-product can complex with 
the generated base and weaken the effective base strength. 
As the tetraphenylborate anion only functions in the deep UV, initial exposures 
were performed using broadband UV exposures on a Novocure 2100 spot curing system. 
Thin films (~330 nm thick) of mPMDA-TFMB-EE containing 5 wt% of TBD-TPB were 
exposed to 330 mJ/cm
2
 and baked for 10 minutes (Figure 6.13). Surprisingly, this PBG 
actually provides a higher degree of imidization than that observed in our best cinnamide 




Figure 6.13: Imidization in mPMDA-TFMB-EE using 5 wt% TBD-TPB. Films were 
exposed to 330 mJ/cm
2
 broadband UV and baked for 10 minutes 
 The major obstacle to implementing TBD-TPB in our system, however, is the 
non-existent absorbance at i-line.
283
 TBD-TPB is not even very absorbent at 254 nm, so 
no PSPI system using this PBG would be able to print thick films. However, the 
tetraphenylborate (TPB) anion appears to be structurally similar to the triphenylsulfonium 
cations in ionic PAGs, so we believed that it may be possible to sensitive TBD-TPB with 
sensitizers commonly used for ionic PAGs (Figure 6.14). Anthracene and 2-
isopropylthioxanthone (ITX) are both i-line sensitizers while 5,12-
bis(phenylethynyl)tetracene (DP-tetracene) is a visible light sensitizer. There is even one 
claim of using ITX to sensitize TBD-TPB,
334































Figure 6.14: Typical sensitizers for ionic PAGs 
For sensitization experiments, 1.2 equivalents of each sensitizer (to PBG) was 
added to the standard 5 wt% PBG/ mPMDA-TFMB-EE test polymer. Films were then 
exposed to variable amounts of narrow band i-line radiation and baked at 140°C for 10 
minutes (Figure 6.15). Unexposed films in this study were observed to have ~5% 
imidization by IR. All three of the sensitizers used in the experiment resulted in 
significantly imidized films. The DP-tetracene was less effective than either anthracene 
or ITX, both of which gave similar imidization results. This likely is a result of the triplet 
energies of these sensitizers decreasing from ITX > anthracene > DP-tetracene.
67
 The 
excited triplet state energy in both ITX and anthracene appears to be sufficiently large 
that energy transfer to the tetraphenylborate anion is very efficient. It is also possible that 
DP-tetracene is so conjugated that its molar absorptivity at 365 nm is particularly large. 
This could cause all of the light to be absorbed at the top of the film, resulting in no 
imidization at the bottom. Excessive UV exposure would then begin to slowly bleach the 
sensitizer, allowing light to reach the bottom of the film at high doses. Regardless, both 
ITX and anthracene were found to be very effective sensitizers for TBD-TPB, resulting in 
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Figure 6.15: Imidization in mPMDA-TFMB-EE using 5 wt% TBD-TPB and 1.2 eq 
sensitizer. Samples were baked at 140°C for 10 minutes. 
As the sensitization results appeared so promising, we decided to explore the 
effect of bake time and temperature on the system. From Figure 6.13, it is clear that 
TBD-TPB either begins to act as a catalyst or degrades into a catalyst at temperature 
above about 140°C. However, base catalyzed imidization is also much more effective at 
elevated temperatures. Figure 6.16 shows the difference in the degree of imidization 
between exposed and unexposed regions. It appears that the best contrast is obtained by 
baking for very short times at higher temperatures, rather than the extended times at low 
temperatures that we have been using. The simple difference between exposed and 
unexposed regions may not be the best function to optimize either. There is a degree of 























not matter how much more imidized the exposed region is as nothing will print. At the 
170°C bake for 5 minutes, the background imidization is still less than 10%. 
Development issues should not be an issue in this case and this bake condition is likely 
the optimal PEB condition. 
 
Figure 6.16: Contrast between exposed and unexposed in TBD-TPB/ITX/mPMDA-
TFMB-EE system as a function of bake time and temperature. Samples were 
exposed to 500 mJ/cm
2
 i-line radiation. 
The sensitized TBD-TPB system is currently the most promising system for 
patterning mPMDA-TFMB-EE that we have found. We also tested variations on this 
PBG by using other bases in place of TBD, such as DBN, guanidine, 
tetramethylguanidine, and proton sponge. However, none of these were as effective as 
TBD-TBP at imidizing mPMDA-TFMB-EE. Future work will focus on the 
implementation of this PBG in multiple microns thick films for comparison to NVOC 
and cinnamide PBG printed line and space patterns. 
Finally, there is one other major class of salt-based amidine PBGs: those based on 






































































attached to the imine nitrogen of the amide along with an aryl borate based anion.
327
 The 
simplest possible example is shown in Figure 6.17. While similar structures without the 
tetraphenylborate have been synthesized and are reported to not generate base upon UV 
radiation,
336-337
 those incorporating this anion supposedly do. This tetrafluoroborate is 
reported to generate α-cleavage in the standard Norrish Type I pathway, but no basic 
species were found.
337
 Halide salts generate the protonated amine salts upon exposure.
336
 
It is unclear from the patent why the tetraphenylborate salts should generate free amines. 




Figure 6.17: Representative example of a quaternarized DBN based PBG 
Initial testing of PDBN-TPB was performed in deuterated acetonitrile at an 
exposure wavelength of 254 nm. The reaction was tracked by 
1
H-NMR similarly to PA-
DBN (Figure 6.18). The color-coding in Figure 6.18 is the same as the PA-DBN 
exposure in Figure 6.10. Surprisingly from the crude experiment, the same peaks appear 
as in the PA-DBN exposure. The acetophenone singlet at 2.5 ppm (blue) is clearly visible 
along with the triplets at 3.2 ppm (red) and broad peak at 2.3 ppm (green) indicating that 
DBN is present in the solution. Interestingly, the production of base appears to occur 




Figure 6.18: NMR spectra of PDBN-TPB before and after 254 nm exposure 
PDBN-TPB was then formulated with mPMDA-TFMB-EE as a 10 wt% loading 
to polymer and cast as films on silicon wafers. The films were exposed to 1 J/cm
2
 at 254 
nm and then baked for 10 minutes (Figure 6.19). While the loading in this sample was 
higher than previous PBGs, the degree of imidization is also significantly higher. This 
PBG also appears to be slightly more thermally stable as background imidization is 
limited until about 160°C, even at the higher catalyst loading. Unexpectedly, PDBN-TPB 
appeared to be the most effective catalyst for exposures at 254 nm. However, when we 
tried to sensitize films containing this PBG with both anthracene and ITX and exposing 
to i-line radiation, neither had an appreciable effect. Doses up to 10 J/cm
2
 were explored, 
but no noticeable difference in the IR spectra of unexposed and exposed samples was 
observed. While the PDBN-TPB PBG is very promising, further work is required to find 
a suitable sensitizer. It may be possible to utilize a more red-shifted chromophore and 
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eliminate the need for sensitization at all, though this could be synthetically 
challenging.
325
 Even preparing this simple-looking molecule was deceptively 
challenging; the intermediate bromide salt forms as a nearly white precipitate upon the 
reaction of DBN with phenacyl bromide in ether/toluene. However, exposing it to moist 
air during filtering causes the solid to convert into a sticky, bright orange mass instead of 
an off-white powder. During the next synthesis step the bromide salt was dissolved in 
water and precipitated as the desired tetraphenylborate salt PBG. If a large chromophore 
is used to sufficiently red-shift the absorbance, this salt may no longer be soluble in water 
and further complicate synthesis. 
 
 
Figure 6.19: Imidization of mPMDA-TMFB-EE using 10 wt% PDBN-TPB. Samples 
were exposed to 1 J/cm
2
























MORE EFFICIENT PHOTOBASE GENERATORS 
During the exploration of new amidine photobase generators for the PSPI system, 
we also investigated the potential of using more efficient chromophores for patterning. 
While the NVOC based PBGs were thermally stabile and i-line absorbent, efficiency was 
very poor (~1%)
170-171
 and the photoproducts are more absorbent than the starting PBG. 
While implementation of the cinnamide class of PBGs was successful (Chapter 3), those 
materials required acid to generate the catalyst. This could lead to corrosion in the copper 
metallization and possibly result in electrical failures.  
Previous work in our group has focused on modifying known chromophores used 
in commercial PAGs for use in PBGs.
67-68, 338
 These have all been derived from non-ionic 
PAGs originally developed by Ciba-Geigy (now part of BASF). There has been some 
precedent for this method, as ONB based PAGs were developed before their 





Figure 6.20: ONB based PAG (left) and adapted PBG version (right) 
BASF produces an i-line non-ionic PAG that has high thermal stability and high 
sensitivity (Figure 6.21).
340
 The UV-Vis spectrum is shown in Figure 6.22. This class of 
photoactive compounds functions by homolytic cleavage of the N-O bond to generate 
both an iminyl radical and a carbonate radical. These radicals can then abstract hydrogen 




Figure 6.21: CGI 725 non-ionic PAG (BASF) 
 
 
Figure 6.22: CGI 725 absorbance spectrum
340
 
We envisioned converting this PAG into a PBG by replacing the sulfonate ester 
with a carbamate similarly to the ONB example in Figure 6.20. Analogous carbamate 
oximes have been reported previously.
338, 341-342




Figure 6.23: Design of PBG adapted from BASF PAG 
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This PBG is easily prepared in two steps from commercially available starting 
materials. The precursor oxime is created by the action of butyl nitrite on 4-
methoxybenzyl cyanide in strongly basic conditions (Figure 6.24).
343
 This reaction is 
general for compounds containing an acidic hydrogen atom. During the reaction, these 
compounds are deprotonated and the anion attacks organic nitrites to form oximes. The 
second step involves a simple nucleophilic acyl substitution on a carbamoyl chloride of 
choice with the deprotonated oxime. 
 
Figure 6.24: Synthesis of benzyl cyanide oxime PBGs 
Preliminary exposures were performed on 6.2a dissolved in deuterated 
acetonitrile in a Rayonet photo-reactor using 365 nm light (Figure 6.25). After 40 
minutes of exposure, the 
1
H NMR spectrum was acquired. Upon viewing the sample a 
few hours later, bright orange needles had precipitated from solution. The NMR did not 
appear to have the characteristic peaks of piperidine present, so 5 μL of piperidine was 
added and the NMR again was collected to confirm this. From the spectra, it is clear that 
free piperidine was not generated in appreciable amounts in this processes. These results 
were at least partially anticipated as fluorenone oxime carbamates are also known to give 





Figure 6.25: NMR spectra of 365 nm exposure of 6.2a in acetonitrile  
While this chromophore may not generate the desired amine upon exposure, the 
quantum efficiency appeared quite high. When performing TLC on samples during 
synthesis, the colorless spots would become visible after only a few seconds of exposure 
from the black light. Additionally, after exposure irradiated solutions were very slightly 
basic (pH~8), indicating generation of some basic species. To determine the quantum 
efficiency, PBG 6.2a was dissolved in acetonitrile at a concentration of 112 μM and 
exposed to 365 nm radiation in a quartz cuvette. The photolysis was tracked by UV-Vis 
spectroscopy (Figure 2.26). The absorbance at i-line was found to be much lower than 
originally expected, and it is actually near an isosbestic point. The general shape changes 
of the curves with exposure also suggest that the photolysis reaction is quite clean as 
there are 4 isosbestic points. The increased absorbance in the visible range is likely due to 
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the formation of azines, formed by the coupling of two iminyl radicals.
342
 The 
consumption of the PBG was plotted as a function of photons absorbed for low 
conversion (Figure 2.27). Conversion was tracked by monitoring peak changes at 412 
nm, the 3 J/cm
2
 exposure was assumed to be complete conversion, and only points below 
20% conversion were used for the straight line fit for quantum efficiency. The peak at 
412 nm was chosen as the absorption maximum remains at 412 nm throughout the 
exposure. The fit gives a quantum efficiency of 4.9%, which is significantly higher than 
NVOC. Additionally, it may be possible to improve this by the addition of an additive 
containing easily abstractable hydrogens in order to discourage radical recombination. 
Compounds such as cyclohexadiene are good candidates for a hydrogen source, and have 









Figure 6.27: PBG 6.2a consumption as a function of 365 nm photons absorbed 
The lack of desired base generation and the low absorbance at i-line of 6.2a led us 
to consider other oxime based chromophores. As both anthracene and ITX were effective 
sensitizers for the tetraphenylborate based amidine PBGs, we targeted incorporation of 
these chromophores (Figure 6.28). Similar PAG versions using the ITX oxime are 
reported to have high thermal stabilities and quantum yields around 10%.
344-345
 The 
acetyl anthracene derivative was chosen as it is a red-shifted variation on the 





Figure 6.28: Proposed oxime PBGs with increased i-line absorbance 



























Photons absorbed (moles) 
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Both oximes were prepared using the more traditional hydroxylamine 
hydrochloride in pyridine solution route (Figure 6.29). However, this method for making 
oximes is actually quite poor in the case of de-activated carbonyls, especially xanthones 
and thioxanthones.
346
 Additionally, the use of these two ketones allows for the possibility 
of two isomers to be formed. In the case of the ITX, a ratio of about 1:1 was observed by 
1
H NMR. However, the acetyl anthracene oxime 6.3 was obtained as nearly pure E 
isomer. This is undoubtedly due to the steric hindrance in the Z isomer where the 
hydroxyl group is repulsed by the anthracene core rather than a much smaller methyl 
group. The oxime carbamates 6.4 and 6.6 were prepared from their oximes by 
deprotonation with NaH and reaction with piperidine carbamoyl chloride in THF as for 
6.2a. Both reactions gave the desired oxime carbamate product in excellent yield. 
 
 
Figure 6.29: Synthesis of anthracene and ITX based oxime PBGs 
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Both PBGs were then exposed to 365 nm radiation in a quartz cuvette and the 
reaction was tracked by UV-Vis. Figure 6.30 shows the reaction of 6.6 in acetonitrile at 
doses up to 10 J/cm
2
. The plot of PBG consumed vs photons absorbed is also shown 
(Figure 6.31). From the UV-Vis spectra, this PBG clearly has a larger extinction 
coefficient at i-line compared to 6.2a. Interestingly, the spectrum of 6.6 changes very 
little upon exposure and increasing absorbance at higher wavelengths appears to be 
reduced as well. However, the quantum efficiency of this compound is surprisingly poor, 
at about 1% from the straight line fit of the data below 20% conversion. The poor 
quantum efficiency reduces the generation rate of radicals, so radical coupling between 
two imidyl radicals is greatly suppressed. This would lead to lower amounts of azine 
produced, and could be the cause of the minimal absorbance at higher wavelengths 
relative to 6.2a. PBG 6.4 was also exposed to i-line radiation in the same fashion. 
However, the reaction was not complete even after exposure to 20 J/cm
2
 of 365 nm 
radiation, indicating a quantum efficiency on the order of 0.1% or less.  
 
 







Figure 6.31: PBG 6.6 consumption as a function of photons absorbed for a 365 nm 
exposure 
Unfortunately, neither of the more i-line absorbent oxime PBGs was nearly as 
efficient as the commercial benzyl cyanide based PBG. Some improvement could likely 
be made by addition of a hydrogen donating source. However, the general trend of these 
oxime chromophores is that the sulfonate ester PAGs have much higher quantum 
efficiencies than the corresponding carbamate PBGs. Even the commercial benzyl 
cyanide oxime PBG was found to only have a quantum efficiency of 5%, though the 
desired base was not the major product by NMR. 
 
CONCLUSIONS 
Several attempts to use the NVOC chromophore in PBGs to produce stronger 
bases were made. These strategies involved preparing a tetramethylpiperidine version of 
the standard NVOC piperidine PBG and an aminoalkyl lactam version that in theory 
could form an amidine upon exposure and heating. Neither of these ideas, nor others 
involving NVOC were successful in producing a higher degree of imidization in the 
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target PSPI system. While both produced a base catalyst, the overall imidization was less 
than just using the standard NVOC piperidine PBG. This is probably a result of steric 
effects in the tetramethylpiperidine PBG and insufficient time or bake temperatures in the 
NVOC DBU PBG. 
Several oxime carbamate type PBGs were also prepared in an effort to find a 
higher quantum efficiency than NVOC. These included a PBG based on a benzyl cyanide 
oxime chromophore used in commercial non-ionic PAGs, as well as the oximes of ITX 
and 9-acetylanthracene. In general, the quantum yields were quite poor relative to the 
reported values for the PAGs versions. Even the benzyl cyanide based oxime used in 
commercial i-line non-ionic PAGs was only found to have a quantum efficiency of 
around 5%. However, the 5% quantum yield is a significant improvement over the ~1% 
in NVOC. This yield only represents the disappearance of starting material, so further 
work is required to determine the yield of generated base, but preliminary work shows 
that this PBG could be a vast improvement over standard i-line PBGs. 
Finally, a series of amidine and guanidine PBGs were synthesized. Most of these 
were based on salts of acidic chromophores with the desired base. Benzyl and phenacyl 
protected reduced DBN PBGs were also prepared. However, neither of these compounds 
met thermal stability requirements and they were not effective base generators in the 
solid state. The PBGs that are most effective at imidizing the PSPI system were based on 
the tetraphenylborate anion. These included TBD-TPB and PDBN-TPB. However, these 
compounds also work as thermal curing catalysts, like the other salts in Chapter 5. 
Optimization studies suggest that this dark reaction can be limited and the contrast 
improved by baking at a higher temperature for a shorter amount of time rather than the 
standard lower temperature curing for extended periods of time. Further work is still 




All solvents and reagents were obtained from commercial sources and used as 
received, unless otherwise specified. The reduced phenacyl DBN PBG (PA-HDBN) was 
prepared by Dr. Ryan Mesch. DP-tetracene was prepared by Anthony Engler. The 
mPMDA-TFMB-EE polymer was prepared as described in Chapter 3. Imidization studies 
were performed by infrared spectroscopy in the manner as described in Chapter 5. DCM, 
TEA, pyridine, and toluene were distilled from CaH2 while THF and DMF were purified 
by eluting through an alumina column solvent delivery system under argon. Reactions 




C NMR spectra were obtained on a Varian Unity Plus 400 MHz instrument. 
Solvent proton peaks are used as the internal standard (CDCl3 
1





H 2.49 ppm, 
13
C 39.5 ppm). HRMS (CI) was performed on a VG 
analytical ZAB2-E instrument and HRMS (ESI) on an Ion Spec FT-ICR instrument. All 
HRMS are ESI unless otherwise noted. Uncorrected melting points were obtained using a 
Mel-Temp II.  
 
PBG Quantum Efficiency by UV-Vis Spectroscopy 
 Solutions of the PBG were prepared in HPLC grade acetonitrile (~100 μM) and 
loaded into quartz cuvettes with a 1 cm path length. These were then placed on a black 
mat to reduce reflection of un-absorbed photons passing through the solution. The 
solutions were then exposed to filtered i-line radiation using a Novocure 2100 spot curing 
system. At regular exposure dose intervals, the UV-Vis spectra were taken using a 
ThermoSci Evolution 220 UV-Visible spectrometer. The number of photons absorbed at 
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the exposure wavelength was calculated by multiplying the exposure intensity by the 
cuvette area and fractional absorption.  
Fractional light absorption = 1 - %Transmission(365 nm)/100 
%Transmission(365 nm) =  10 ^ [2 – Absorbance(365 nm)] 
In general, absorbance changes during the exposure. So the change in photons absorbed 
between two exposure doses was calculated from the average of the absorbances at those 
two points. This was then plotted against the amount of PBG consumed, which was found 
by assuming that 100% conversion was where no further changes in the UV-Vis spectra 
were observed with increased light exposure. A peak that changed considerably during 
exposure was chosen and conversion was assumed to be directly proportional to changes 
in this peak. In the case of 6.2a, this peak was 412 nm; for 6.6 it was 340 nm. 
 
 




Phosgene (15% in toluene, 17.8 mL, ~25 mmol) was cooled to -78°C in a 100 mL 3-neck 
RBF. TMP (7.41 g, 52.5 mmol) was diluted with 10 mL toluene and added dropwise to 
the phosgene solution, keeping the temperature below -55°C. After addition, the reaction 
was stirred for 1 hour at -78°C and then warmed to room temperature. The solution was 
then cooled back to -25°C and then warmed to 10°C to filter off the precipitated solid. 
The crude orange chloroformate was then returned to the flask and cooled to 0°C. 
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Nitroveratryl alcohol (5.35 g, 25 mmol), DMAP (0.42 g, 3.75 mmol), TEA (3.5 mL, 25 
mmol), and 15 mL dioxane were then added to the flask and the mixture was stirred 
overnight. The solvent was then removed in vacuum and the crude product partitioned 
between water and DCM. The organic layer was washed with 1M HCl, water, and brine; 
dried over Na2SO4, filtered, and concentrated. Purification by flash chromatography (3:7 
EtOAc:hexanes) followed by recrystallization twice from EtOH gave the product as a 
slightly yellow solid (2.73 g, 29%). mp 72-74°C. 1H NMR (400 MHz, CDCl3) δ 7.72 (s, 
1H), 7.05 (s, 1H), 5.55 (d, J = 0.7 Hz, 2H), 3.95 (d, J = 1.2 Hz, 6H), 1.46 (s, 12H). 
13
C 
NMR (101 MHz, CDCl3) δ 156.5, 153.5, 147.8, 139.6, 129.3, 110.0, 108.1, 63.1, 56.5, 
56.4, 56.3, 39.4, 29.9, 15.4. HRMS [M+Na]
+




In a 100 mL RBF with condenser was added 5-methoxy-2-nitrobenzoic acid (5.0 g, 25.4 
mmol). BH3-THF complex (1M in THF, 33 mL, 33 mmol) was added dropwise by 
syringe. The solution was then heated to reflux for 3 hours and quenched with water. The 
solution was concentrated and then partitioned between DCM and water. The organic 
layer was washed with NaHCO3 then brine, dried over Na2SO4, filtered and concentrated 
to obtain a tan solid (76%). 
1
H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 9.1 Hz, 1H), 7.22 
(d, J = 2.8 Hz, 1H), 6.89 (dd, J = 9.1, 2.8 Hz, 1H), 4.99 (s, 2H), 3.92 (s, 3H). 
13
C NMR 
(101 MHz, CDCl3) δ 164.4, 140.4, 128.2, 114.4, 113.4, 63.2, 56.1. HRMS [M+Na]
+
 
calcd. 206.0424 found 206.0422 
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5-methoxy-2-nitrobenzyl piperidine-1-carboxylate (MONB piperidine) 
Phosgene (15% in toluene, 11.7 mL, ~16.4 mmol) was cooled to 0°C in a 100 mL RBF. 
In a separate RBF, (5-methoxy-2-nitrophenyl)methanol (1.0 g, 5.46 mmol) was dissolved 
in 20 mL THF. The alcohol solution was then added dropwise to the phosgene. Stirring 
was continued overnight and the phosgene removed under a flowing stream of nitrogen 
before concentrating the solution. The crude chloroformate ester was then dissolved in 12 
mL DCM. Piperidine (1.35 mL, 13.6 mmol) was then added dropwise. After stirring for 3 
hours, the solution was partitioned between DCM and 1 N HCl. The organic layer was 
washed with brine, dried over Na2SO4 and concentrated. Purification by flash 
chromatography (100% DCM) yielded the title compound as a slight yellow, low melting 
solid (0.61g, 38%) mp 52-53°C. 1H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 9.1 Hz, 1H), 
7.01 (d, J = 2.8 Hz, 1H), 6.88 (dd, J = 9.1, 2.8 Hz, 1H), 5.56 (s, 2H), 3.90 (s, 3H), 3.49 (s, 
4H), 1.66 – 1.53 (m, 6H). 
13
C NMR (101 MHz, CDCl3) δ 163.9, 140.4, 137.1, 128.1, 
113.75, 112.4, 64.1, 56.0, 45.2, 24.5. HRMS [M+Na]
+






DBU (5.0 g, 32.8 mmol) was added to a 25 mL RBF with condenser. Water (0.59g , 32.8 
mmol) was added and the mixture was heated to 85°C overnight. The crude product was 
purified by flash chromatography (1:1:8 TEA: MeOH: DCM) to obtain a pale yellow oil. 
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(2.36 g, 42%). 
1
H NMR (400 MHz, CDCl3) δ 3.33 (t, J = 6.8 Hz, 2H), 3.28 (s, 2H), 3.24 
– 3.19 (m, 2H), 2.55 (t, J = 6.5 Hz, 2H), 2.42 – 2.38 (m, 2H), 1.64 – 1.48 (m, 8H). 
13
C 
NMR (101 MHz, CDCl3) δ 176.0, 49.3, 45.0, 38.6, 37.1, 31.2, 29.8, 28.4, 23.3. HRMS 
[M+H]
+
 calcd. 171.4920 found 171.4920 
 
4,5-dimethoxy-2-nitrobenzyl (3-(2-oxoazepan-1-yl)propyl)carbamate (NVOC DBU) 
In a 25 mL RBF, NVOC chloroformate (0.809 g, 2.94 mmol) was dissolved in 10 mL 
DCM. APCL (0.500 g, 2.94 mmol) and TEA (0.41 mL, 2.94 mmol) were then added to 
the solution. After stirring overnight the reaction was quenched with water, washed with 
1N HCl, dried over Na2SO4, filtered and concentrated. The crude product was then 
purified by flash chromatography (EtOAc) to obtain the title compound as a light yellow 
solid. (0.440 g, 37%) mp 121-122°C. 1H NMR (400 MHz, CDCl3) δ 7.68 (s, 1H), 7.05 (s, 
1H), 6.24 (s, 1H), 5.49 (s, 2H), 3.94 (d, J = 14.0 Hz, 6H), 3.60 – 3.03 (m, 6H), 2.51 (s, 
2H), 1.66 (s, 8H).
13
C NMR (101 MHz, CDCl3) δ 177.0, 156.1, 153.7, 147.86, 139.5, 
129.2, 109.5, 108.1, 63.2, 56.5, 56.5, 49.7, 44.9, 37.4, 37.3, 30.0, 28.6, 27.7, 23.5. HRMS 
[M+Na]
+






ium bromide (NVDBN Br) 
Nitroveratryl bromide (0.300 g, 1.09 mmol) was dissolved in 5 mL THF in a 25 mL RBF. 
DBN (0.135 g, 1.09 mmol) was added as a neat liquid. A yellow precipitate formed 
immediately. After stirring for 10 minutes the precipitate was filtered, washed with ether 
and dried in vacuum (0.342 g, 79%). 
1
H NMR (400 MHz, CDCl3) δ 7.67 (s, 1H), 7.46 (s, 
1H), 5.15 (s, 2H), 4.11 (s, 3H), 3.95 (s, 3H), 3.85 (t, J = 7.4 Hz, 2H), 3.49 (t, J = 5.9 Hz, 
2H), 3.41 (t, J = 7.9 Hz, 2H), 3.34 (t, J = 5.8 Hz, 2H), 2.35 – 2.24 (m, 2H), 2.17 – 2.08 
(m, 2H). 
13
C NMR (101 MHz, CDCl3) δ 166.4, 154.2, 149.4, 140.8, 122.9, 115.6, 108.7, 






DBN (20.0 g, 161 mmol) was dissolved in 240 mL methyl t-butyl ether in a 500 mL 3- 
neck RBF. LiAlH4 (6.11 g, 161 mmol) was added in one portion and the solution was 
heated to refluxed overnight. The reaction was cooled to 0°C and quenched by dropwise 
addition of 6.1 mL water, then 6.1 mL 15% aq. NaOH, then 18.5 mL of water. The slurry 
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was then filtered through celite and washed with DCM. The product was then distilled 
(84°C, 37 torr) to obtain a clear colorless oil (14.05 g, 69%). 1H NMR (400 MHz, CDCl3) 
δ 3.21 – 3.09 (m, 2H), 3.00 (td, J = 8.9, 2.2 Hz, 1H), 2.86 (dd, J = 9.3, 6.3 Hz, 1H), 2.66 
(ddd, J = 13.7, 12.8, 3.5 Hz, 1H), 2.32 – 2.22 (m, 1H), 2.15 (q, J = 8.9 Hz, 1H), 2.04 – 
1.92 (m, 1H), 1.88 – 1.58 (m, 4H), 1.55 – 1.34 (m, 2H). HRMS [M+H]
+






NaOH (2.38 g, 59.4 mmol) and KI (0.66 g, 4.0 mmol) were suspended in 40 mL DCM in 
a 100 mL RBF. HDBN (5.00 g, 39.6 mmol) was then added and the solution stirred for 
10 minutes. Benzyl bromide (4.7 mL, 40 mmol) was then added dropwise over 15 
minutes. The solution became warm and cloudy and was then stirred overnight. The 
reaction was diluted with 25 mL water and the organic layer concentrated. 50 mL of 
hexanes was then added to precipitate salts. The solution was filtered to obtain a clear 
viscous oil that was purified by distillation (87-90°C, 0.67 torr) to obtain a clear colorless 
oil that solidified upon standing (1.69 g, 20%). mp 36-37°C. 1H NMR (400 MHz, cdcl3) δ 
7.37 (dd, J = 7.8, 1.1 Hz, 2H), 7.32 – 7.26 (m, 2H), 7.25 – 7.19 (m, 1H), 3.93 (d, J = 13.2 
Hz, 1H), 3.15 – 3.02 (m, 3H), 2.89 – 2.80 (m, 1H), 2.48 – 2.38 (m, 1H), 2.25 (q, J = 8.7 




C NMR (101 MHz, cdcl3) δ 139.1, 129.1, 128.2, 126.9, 84.8, 58.6, 52.4, 52.2, 
51.3, 29.8, 24.8, 19.6. HRMS [M+Na]
+




2-xanthone acetic acid (0.300 g, 1.18 mmol) was dissolved in 15 mL THF in a 100 mL 
RBF. In a separate flask, TBD (0.164 g, 1.18 mmol) was dissolved in 5 mL THF and 
passed through a syringe filter to remove insoluble material. The TBD solution was then 
added dropwise to the acid solution. After 15 minutes the precipitate was filtered and 
dried to obtain a white powder (0.405 g, 88%) mp 220°C (decomp). 1H NMR (400 MHz, 
CD3OD) δ 8.22 (dd, J = 8.0, 1.6 Hz, 1H), 8.15 (d, J = 2.1 Hz, 1H), 7.84 – 7.74 (m, 2H), 
7.56 (d, J = 8.4 Hz, 1H), 7.50 (d, J = 8.6 Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 3.61 (s, 2H), 
3.29 (t, 4H), 3.22 (t, 4H), 2.01 – 1.88 (m, 4H). 
13
C NMR (101 MHz, CD3OD) δ 179.5, 
178.6, 157.5, 156.1, 152.4, 138.0, 136.4, 135.8, 127.1, 127.0, 125.1, 122.5, 122.2, 119.2, 





In a 100 mL RBF at 0°C was added 25 mL sulfuric acid and 5 mL nitric acid (68%). N-
phthaloylglycine (5.0 g, 24.4 mmol) was added in one portion as a solid powder. After 1 
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hour the ice bath was removed and the solution allowed to warm to room temperature 
overnight. The solution was then poured into 150 mL of water to form a yellow 
precipitate. The precipitate was filtered and recrystallized from water/EtOH to obtain 
slightly yellow shiny flakes. (3.52 g, 58%) mp 196-197°C 1H NMR (400 MHz, DMSO) δ 
8.67 (dd, J = 8.2, 2.0 Hz, 1H), 8.57 (dd, J = 2.0, 0.5 Hz, 1H), 8.20 (dd, 1H), 4.38 (s, 2H). 
13
C NMR (101 MHz, DMSO) δ 168.6, 165.7, 165.4, 151.8, 135.9, 132.7, 130.1, 125.1, 
118.4, 39.4. HRMS [M+Na]
+





In a 50 mL RBF, TBD (0.30 g, 2.15 mmol) was dissolved in 10 mL THF. In a separate 25 
mL RBF, NP-Gly (0.539 g, 2.15 mmol) was dissolved in 7 mL THF. The acid solution 
was slowly dripped into the TBD solution. After addition, the solution was stirred for an 
additional hour and filtered to obtain a slightly yellow powder. (0.681 g, 81%) mp 188°C 
(decomp) 
1
H NMR (400 MHz, DMSO) δ 9.66 (s, 1H), 8.63 (dd, J = 8.1, 2.0 Hz, 1H), 
8.50 (d, J = 1.8 Hz, 1H), 8.21 – 8.06 (m, 1H), 3.94 (s, 1H), 3.23 (t, J = 5.9 Hz, 2H), 3.10 
(t, J = 5.7 Hz, 2H), 1.89 – 1.78 (m, 2H). 
13
C NMR (101 MHz, DMSO) δ 170.4, 166.1, 









TBD (0.387 g, 2.78 mmol) was dissolved in HCl (10% aq., 2.75 mL) in a beaker. NaBPh4 
(1.0g , 2.92 mmol) was dissolved in 2.75 mL water in a separate beaker. The 
tetraphenylborate solution was poured into the acid solution and stired for 15 minutes. 
The precipitated solid was recrystallized from 4:1 MeOH:CHCl3 to obtain a white 
microcrystalline solid (0.42 g, 33%) mp 183-184°C. 1H NMR (400 MHz, DMSO) δ 7.40 
(br s, 2H), 7.27 – 7.18 (m, 8H), 6.96 (t, J = 7.4 Hz, 8H), 6.83 (t, J = 7.2 Hz, 4H), 3.17 (t, 
J = 6.0 Hz, 4H), 3.15 – 3.10 (m, 4H), 1.86 – 1.75 (m, 4H). 
13
C NMR (101 MHz, DMSO) 





Guanidine hydrochloride (0.279 g, 2.92 mmol) was dissolved in 20 mL water in a beaker. 
Sodium tetraphenylborate (1.0 g, 2.92 mmol) was dissolved in a separate 20 mL water in 
another beaker. The tetraphenylborate solution was then poured into the guanidium 
solution and stir for 15 minutes. The precipitated white solid was then filtered and dried. 
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(0.967 g, 87%) mp 199-202°C. 1H NMR (400 MHz, DMSO) δ 7.28 – 7.20 (m, 8H), 6.97 
(t, J = 7.4 Hz, 8H), 6.94 (br s, 6H), 6.87 – 6.80 (m, 4H). 
13
C NMR (101 MHz, DMSO) δ 
164.2, 163.7, 163.2, 162.7, 157.9, 135.6, 125.44, 125.41, 125.39, 125.36, 121.6. 
 
 
2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium tetraphenylborate (DBN-TPB) 
Prepared similarly to TBD-TPB. (100%) mp 240°C (decomp). 1H NMR (400 MHz, 
DMSO) δ 9.59 (s, 1H), 7.31 – 7.19 (m, 8H), 6.98 (t, J = 7.4 Hz, 8H), 6.84 (t, J = 7.2 Hz, 
4H), 3.50 – 3.43 (m, 2H), 3.22 (dd, J = 10.6, 5.1 Hz, 4H), 2.73 (t, J = 8.0 Hz, 2H), 1.93 
(dt, J = 15.4, 7.6 Hz, 2H), 1.85 – 1.77 (m, 2H). 
13
C NMR (101 MHz, DMSO) δ 173.6, 
173.2, 173.1, 172.6, 172.1, 145.0, 134.84, 134.81, 134.78, 134.76, 131.0, 62.5, 51.3, 47.0, 
39.2, 27.7, 27.6. 
 
 
Tetramethylguanidium tetraphenylborate (TMG-TPB) 
Prepared as described for TBD-TPB. (90%) mp 224°C (decomp). 1H NMR (400 MHz, 
DMSO) δ 7.79 (br s, 2H), 7.28 – 7.19 (m, 8H), 6.97 (t, J = 7.4 Hz, 8H), 6.83 (t, J = 7.2 
Hz, 4H), 2.84 (s, 12H). 
13
C NMR (101 MHz, DMSO) δ 164.1, 163.6, 163.1, 162.7, 160.9, 





Prepared as described for TBD-TPB. (86%) mp 189-190°C. 1H NMR (400 MHz, DMSO) 
δ 8.09 (dd, J = 7.7, 7.0 Hz, 4H), 7.74 (t, J = 7.9 Hz, 2H), 7.20-7.15 (m, 8H), 6.92 (t, J = 
7.4 Hz, 8H), 6.79 (t, J = 7.2 Hz, 4H), 3.12 (d, J = 2.5 Hz, 12H). 
13
C NMR (101 MHz, 





DBN (1.00 g, 8.05 mmol) was dissolved in 10 mL Et2O. The solution was passed through 
a 0.2 μm syringe filter to remove the small amount of precipitate formed. Phenacyl 
bromide (1.60 g, 8.05 mmol) was dissolved in 10 mL toluene. The DBN solution was 
then added dropwise and a slightly orange precipitate began to form immediately. After 
30 minutes the extremely hygroscopic bromide salt was filtered and washed with large 
amounts of ether, avoiding exposure to air as much as possible. The wet solid was dried 
in vacuum to obtain the bromide salt as a light orange solid (1.85 g, 71%). 
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 The crude bromide salt (0.50 g, 1.55 mmol) was then dissolved in 10 mL of water 
and filtered through a syringe filter to give a clear, pale yellow solution. NaBPh4 (0.529 
g, 1.55 mmol) was  dissolved in a separate 5 mL of water and poured into the bromide 
salt solution. A white precipitate formed immediately. After stirring 5 minutes, the 
precipitate was filtered and washed with water repeatedly, then dried in vacuum to give a 
white powder. (0.86 g, 98%) mp 193°C (decomp). 1H NMR (400 MHz, DMSO) δ 8.05 – 
7.97 (m, 2H), 7.77 – 7.69 (m, 1H), 7.65 – 7.56 (m, 2H), 7.25 – 7.19 (m, 8H), 6.96 (t, J = 
7.4 Hz, 8H), 6.82 (t, J = 7.2 Hz, 4H), 5.21 (s, 2H), 3.66 (t, J = 7.4 Hz, 2H), 3.40 – 3.34 
(m, 4H), 2.81 (t, J = 7.9 Hz, 2H), 2.04 – 1.92 (m, 4H). 
13
C NMR (101 MHz, DMSO) δ 
193.1, 165.5, 164.1, 163.6, 163.1, 162.62, 135.5, 134.3, 134.1, 128.9, 128.2, 125.36, 






NaOH (2.72 g, 68.0 mmol) was crushed in a mortar and pestle. The powder NaOH was 
then suspended in 25 mL toluene and 5 mL MeOH in a 100 mL RBF with an addition 
funnel. The solution was heated to 40°C and 4-methoxybenzyl cyanide (5.00 g, 34.0 
mmol) was then added to the solution. N-butyl nitrite (3.86 g, 37.4 mmol) was added to 
the addition funnel and added dropwise to the solution over 45 minutes. After complete 
addition, stirring was continued for an additional 2 hours at 40°C and at room 
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temperature overnight. The reaction was quenched with 20 mL of water and the layers 
separated. The organic layer was extracted with 20 mL of 1N NaOH and the combined 
aqueous layers were acidified to pH 2. The aqueous layer was then extracted with ether (3 
x 50 mL), dried over Na2SO4, filtered and concentrated. Recrystallization from toluene 
gave a pale yellow solid as a single isomer (2.49 g, 42%). mp 74-76°C. 1H NMR (400 
MHz, CDCl3) δ 7.76 – 7.68 (m, 2H), 6.97 – 6.93 (m, 2H), 3.86 (s, 3H). 
13
C NMR (101 
MHz, CDCl3) δ 162.1, 133.5, 128.0, 121.8, 114.7, 109.6, 55.7. HRMS [M+H]
+
 calcd. 
177.0659 found 177.0655 
 
4-methoxy-N-((piperidine-1-carbonyl)oxy)benzimidoyl cyanide (6.2a) 
6.1 (0.500 g, 2.83 mmol), piperidinecarbonyl chloride (0.628 g, 4.25 mmol), and TEA 
(0.60 mL, 4.25 mmol) were dissolved in 30 mL DMF in a 100 mL RBF. The solution 
was stirred overnight then the solvent evaporated in vacuo. The crude product was then 
poured into water, filtered, and washed with water to obtain the crude product as a light 
brown solid (800 mg, 98%). Analytical samples were prepared by recrystallization from 
heptane to obtain a fluffy white solid. mp 85-86°C. 1H NMR (400 MHz, CDCl3) δ 7.94 – 
7.85 (m, 2H), 7.01 – 6.93 (m, 2H), 3.87 (d, J = 7.2 Hz, 3H), 3.58 ( br d, J = 25.5 Hz, 4H), 
1.65 (br s, 6H). 
13
C NMR (101 MHz, CDCl3) δ 163.2, 151.8, 136.66, 129.8, 120.6, 114.7, 
109.4, 55.7, 45.8, 45.5, 25.9, 25.6, 24.3. HRMS [M+Na]
+







Triphosgene (3.44 g, 11.6 mmol) was dissolved in 100 mL DCM in a 500 mL RBF at 
0°C. Tribenzylamine (10.0 g, 34.8 mmol) was dissolved in 40 mL DCM in a separate 
flask and added to the triphosgene solution by syringe to form a cloudy white solution. 
After the addition was complete, the solution warmed to room temperature overnight. 
The crude carbamoyl chloride was then purified by flash chromatography (3:97 
EtOAc:hex) to obtain a slightly cloudy, colorless oil (6.09 g, 67%). 
1
H NMR (400 MHz, 
CDCl3) δ 7.47 – 7.31 (m, 6H), 7.30 – 7.25 (m, 4H), 4.65 (s, 2H), 4.54 (s, 2H). 
13
C NMR 
(101 MHz, CDCl3) δ 150.5, 135.4, 135.2, 129.1, 129.0, 128.5, 128.3, 128.22, 127.4, 53.1, 
51.4. HRMS [M+H]
+
 calcd. 260.0837 found 260.0842 
 
 
N-((dibenzylcarbamoyl)oxy)-4-methoxybenzimidoyl cyanide (6.2b) 
6.1 (0.352 g, 2.0 mmol) was dissolved in 10 mL THF in a 25 mL RBF. NaH (60% in 
mineral oil, 0.084 g, 2.0 mmol) was then added and the solution bubbled vigorously. 
After 10 minutes a white precipitate formed. Dibenzylcarbamic chloride (0.519 g, 2.0 
mmol) was then added dropwise and the solution became clearer. After stirring overnight, 
the solvent was removed and the crude product purified by flash chromatography 
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(EtOAc/hex) to obtain a white solid (0.677 g, 85%). mp 100-102°C. 1H NMR (400 MHz, 
CDCl3) δ 7.96 – 7.89 (m, 2H), 7.40 – 7.29 (m, 10H), 7.03 – 6.94 (m, 2H), 4.58 (d, J = 5.4 
Hz, 4H), 3.88 (s, 3H). 
13
C NMR (101 MHz, CDCl3) δ 163.4, 153.4, 137.4, 129.4, 128.9, 
128.6, 128.1, 128.0, 120.5, 114.8, 109.3, 55.7, 50.4, 49.2. HRMS [M+Na]
+
 calcd. 
422.1475 found 422.1482 
 
N-((diphenylcarbamoyl)oxy)-4-methoxybenzimidoyl cyanide (6.2c) 
Prepared similarly to 6.2b using diphenylcarbamoyl chloride (0.431 g, 58%). mp 136-
138°C. 1H NMR (400 MHz, CDCl3) δ 7.89 – 7.82 (m, 2H), 7.47 – 7.35 (m, 8H), 7.34 – 
7.26 (m, 2H), 6.99 – 6.91 (m, 2H), 3.86 (s, 3H). 
13
C NMR (101 MHz, CDCl3) δ 163.4, 
151.3, 138.0, 129.4, 129.4, 127.2, 126.8, 120.4, 114.8, 108.7, 55.7. No other signals were 
observed. HRMS [M+Na]
+
 calcd. 394.1162 found 394.1170 
 
 
(E)-1-(anthracen-9-yl)ethan-1-one oxime (6.3) 
9-Acetylanthracene (2.00 g, 9.08 mmol), hydroxylamine hydrochloride (2.21 g, 31.8 
mmol), pyridine (6 mL, 75.4 mmol), and 25 mL EtOH were added to a 100 mL RBF with 
condenser. The mixture was heated to reflux for 24 hours. The solution was then poured 
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into 200 mL water and extracted with DCM, dried over Na2SO4, filtered, and 
concentrated. The crude product was then purified by flash chromatography (100% 
hexanes to 2:3 EtOAc:hexanes) to give a yellow solid as one isomer (0.350 g, 16%). 
1
H 
NMR (400 MHz, DMSO) δ 11.46 (s, 1H), 8.64 (s, 1H), 8.17 – 8.08 (m, 2H), 7.91 (ddd, J 
= 7.3, 5.4, 3.2 Hz, 2H), 7.61 – 7.49 (m, 4H), 2.34 (s, 3H). 
13
C NMR (101 MHz, DMSO) δ 
153.4, 132.7, 130.9, 128.9, 128.6, 127.1, 126.3, 125.5, 125.2, 17.4. HRMS [M+H]
+
 calcd. 
236.1070 found 236.1072 
 
(E)-1-(anthracen-9-yl)ethan-1-one O-piperidine-1-carbonyl oxime (6.4) 
6.3 (0.273 g, 1.16 mmol) was dissolved in 5 mL THF. NaH (60% in mineral oil, 0.050 g, 
1.22 mmol) was then added in one portion. The solution bubbled vigourously and turns 
yellow-orange. After 5 minutes piperidinecarbonyl chloride (0.180 g, 1.22 mmol) was 
added dropwise. The solution color quickly faded and the solution became cloudy. After 
15 minutes the reaction mixture was concentrated and the crude material purified by flash 
chromatography (100% hexanes to 2:3 EtOAc:hexanes) to obtain a white crystalline solid 
(0.385 g, 96%). mp 157-158°C. 1H NMR (400 MHz, CDCl3) δ 8.49 (s, 1H), 8.04 – 7.97 
(m, 4H), 7.54 – 7.44 (m, 4H), 3.63 (br s, 4H), 2.55 (s, 3H), 1.69 (br s, 6H). 
13
C NMR 
(101 MHz, CDCl3) δ 162.9, 153.8, 131.3, 130.2, 129.4, 128.7, 128.4, 126.6, 125.4, 125.3, 
45.4, 24.5, 19.6. HRMS [M+Na]
+
 calcd. 369.1573 found 369.1581 
 245 
 
2-isopropyl-9H-thioxanthen-9-one oxime (6.5) 
2-isopropylthioxanthone (2.00 g, 7.86 mmol) was added to a 50 mL RBF with condenser. 
Hydroxylamine hydrochloride (1.64 g, 23.6 mmol) and pyridine (25 mL) were then 
added and the mixture refluxed for 24 hours. The solution was then poured into 200 mL 
water and extracted with DCM, dried over Na2SO4, filtered, and concentrated. The crude 
product was then purified by flash chromatography (1:9 to 8:2 DCM:hexanes) to give an 
off white solid (0.356 g, 17%). 
1
H NMR (400 MHz, CDCl3) mixture of 2 isomers in 1:1 
ratio δ 8.43 – 8.39 (m, 1H), 8.30 (d, J = 1.9 Hz, 1H), 7.84 (dd, J = 7.6, 1.5 Hz, 1H), 7.73 
(d, J = 1.9 Hz, 1H), 7.53 – 7.48 (m, 1H), 7.45 – 7.41 (m, 2H), 7.39 – 7.29 (m, 5H), 7.26 
(d, J = 1.3 Hz, 1H), 7.24 (d, J = 1.9 Hz, 1H), 3.02 – 2.90 (m, 2H), 1.28 (d, J = 2.0 Hz, 
6H), 1.27 (d, J = 2.0 Hz, 6H). 
13
C NMR (101 MHz, CDCl3) δ 149.29, 149.27, 147.9, 
146.4, 134.5, 133.1, 132.2, 131.5, 131.5, 131.3, 131.2, 131.0, 129.8, 129.5, 129.5, 128.8, 
128.1, 127.5, 126.7, 126.6, 126.5, 126.0, 125.8, 125.7, 125.4, 124.5, 34.1, 34.0, 24.1, 





2-isopropyl-9H-thioxanthen-9-one O-piperidine-1-carbonyl oxime (6.6) 
2-isopropythioxanthone oxime (0.500 g, 1.86 mmol) was dissolved in 15 mL THF in a 50 
mL RBF. NaH (60% in mineral oil, 0.078 g, 1.86 mmol) was then added in one portion. 
The solution was stirred for 5 minutes then piperidinecarbonyl chloride (0.274 g, 1.86 
mmol) was added. The solution was stirred for 10 minutes, becoming cloudy. The 
solution was concentrated in vacuum and then the crude product was purified by flash 
chromatography (100% hexanes to 2:3 EtOAc:hexanes). The title compound was 
recovered as a white fluffy solid (0.624 g, 88%). 1:1 mixture of isomers. 
1
H NMR (400 
MHz, CDCl3) δ 8.11 – 8.05 (m, 2H), 7.95 (dd, J = 12.1, 2.0 Hz, 2H), 7.56 – 7.52 (m, 1H), 
7.48 (d, J = 8.2 Hz, 1H), 7.45 – 7.41 (m, 1H), 7.40 – 7.30 (m, 5H), 7.28 (dd, J = 8.2, 2.0 
Hz, 2H), 3.50 (s, 8H), 3.04 – 2.88 (m, 2H), 1.67 – 1.50 (m, 12H), 1.27 (d, J = 3.0 Hz, 
6H), 1.25 (d, J = 3.0 Hz, 6H). 
13
C NMR (101 MHz, CDCl3) δ 153.83, 153.81, 153.79, 
153.5, 148.1, 146.4, 135.3, 133.2, 132.1, 130.8, 130.2, 130.0, 129.9, 129.8, 129.4, 128.7, 
128.5, 128.0, 127.8, 126.98, 126.96, 126.87, 126.0, 125.9, 125.8, 125.6, 125.5, 125.2, 
77.5, 77.2, 76.8, 45.5, 45.4, 34.3, 34.0, 24.5, 24.4, 24.1, 24.0. HRMS (CI) [M+H]
+
 calcd. 




Raw data of HPLC counts obtained for photolysis of ONBM-An and ONB2M-An 
in acetonitrile at 254 nm. Exposures were performed in quartz NMR tubes in a Rayonet 
photochemical reactor using 2 254 nm bulbs.  
 
1 stage ONBM-An exposure  
         
 
Aniline Counts at 230 nm (μV*s) 1 Stage Counts at 275 nm (μV*s) 
Exp Time 
(min) Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 
0 0 0 0 23262966 
  1 2339644 2204596 2275984 21315322 21278975 21974564 
2 4331947 4159394 3634579 20772196 20583047 21449454 
3 5154733 5490105 5989669 19294429 19177716 20163437 
5 10484095 10546242 8074466 14977074 16184609 13329296 
10 19996807 18553454 20309676 13120039 11301033 11739458 
20 29495912 27031363 27500587 7564690 6366347 6291655 
30 31301880 30116787 30582732 4464779 3316110 3348130 
40 31752926 32678015 31713766 2088719 1738106 1974777 
 
2 stage  ONB2M-An exposure  
 
    
 
Aniline Counts at 230 nm (μV*s) 1 Stage Counts at 275 nm (μV*s) 
Exp Time 
(min) Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 
0 0 0 0 0 0 0 
1 178909 139724 172775 703949 646460 768680 
2 375256 426791 673770 1185496 1256519 1423218 
3 660626 651499 819363 1713103 1648521 1757044 
5 2023465 2242406 2343502 2912949 2718457 2607060 
10 5965497 6269290 5982081 3567654 3401800 3111206 
20 10755479 10263576 10389431 2696821 2568811 2537142 
30 13534019 13218486 13050830 1897586 1622112 1713872 





2 Stage Counts at 275 nm (μV*s) 
Exp Time 
(min) Trial 1 Trial 2 Trial 3 
0 17948263 
  1 16264508 17394156 17340630 
2 15607226 15820548 16347424 
3 14830318 14882745 14950142 
5 13510690 11821525 11739629 
10 9122811 8302123 7686464 
20 3614909 2883310 3026454 
30 1636824 1247972 1285681 









Aniline (230 nm) 6080000 
ONBM-An (275 nm) 3070000 




3FAPAB 4-amino-2-(trifluoromethyl)phenyl 4-aminobenzoate  
6FAPAB 4-amino-2,6-bis(trifluoromethyl)phenyl 4-aminobenzoate  
6FDA 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride 
ACN Acetonitrile 
AcOH Acetic acid 
APAB 4-aminophenyl 4-aminobenzoate 
APCL 1-(3-aminopropyl)azepan-2-one  
BnBr Benzyl bromide 
Bn-HDBN 1-benzyloctahydropyrrolo[1,2-a]pyrimidine  
BPDA 4,4'-Biphthalic dianhydride 
CAR Chemically amplified resists 
CBDA Cyclobutane-1,2,3,4-tetracarboxylic dianhydride 
CTC Charge transfer complex 
CTE Coefficient of thermal expansion 
DBN 1,5-Diazabicyclo[4.3.0]non-5-ene 
DBN BnBr 1-benzyl-2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium bromide  
DBOP  Diphenyl (2-thioxobenzo[d]oxazol-3(2H)-yl)phosphonate  
DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 
DBU BnBr 1-benzyl-2,3,4,6,7,8,9,10-octahydropyrimido[1,2-a]azepin-1-ium 
bromide  
DBU EtBr 1-ethyl-2,3,4,6,7,8,9,10-octahydropyrrolo[1,2-a]azepin-1-ium bromide  
DCM Dichloromethane 
DF Dissipation factor 
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DM-CBDA (1R, 2R, 3S, 4S)-2,4-bis(methoxycarbonyl)cyclobutane-1,3-







ium iodide  
DNQ Diazonapthoquinone 
DSC Differential scanning calorimetry 
DUV Deep ultraviolet 
εr Dielectric constant 
E0 Positive threshold 
EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
En Negative threshold 
EtOAc Ethyl acetate 
EUV Extreme ultraviolet 
FPI Fluorinated polyimide 
GC(MS) Gas chromatography (mass spectrometry) 
HPLC High pressure liquid chromatography 
HRMS High resolution mass spectrometry 
IR Infrared 
ITX 2-isopropylthioxanthone 
L/S Line/space  
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LER Line edge roughness 
LWR Line width roughness 
MONB piperidine 5-methoxy-2-nitrobenzyl piperidine-1-carboxylate  
mPMDA-TFMB-EE Meta poly(amic ethyl ester) of PMDA and TFMB 
MTBD 1-methyl-1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine 
n Index of refraction 
NMP N-methyl-2-pyrrolidone 
NMR Nuclear magnetic resonance 
NVOC DBU 4,5-dimethoxy-2-nitrobenzyl (3-(2-oxoazepan-1-yl)propyl)carbamate  
NVOC piperidine 4,5-dimethoxy-2-nitrobenzyl piperidine-1-carboxylate 






PAA Poly(amic acid) 
PAB Post apply bake 
PAC Photoactive compound 
PAE Poly(amic ester) 
PAG Photoacid generator 
PBG Photobase generator 
PDBN-TBD 1-(2-oxo-2-phenylethyl)-2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-
1-ium tetraphenylborate  




PMDA Pyromellitic dianhydride 
PPBT 3,3'-(phenylphosphoryl)bis(benzo[d]thiazol-2(3H)-one)  
PPD Para-phenylenediamine 
PPG Photosensitive protecting group 
PSPI Photosensitive polyimide 
SADP Self-aligned double patterning 
SEM Scanning electron microscope 
SPDR Split post dielectric resonance 
TBAB Tetrabutylammonium bromide 







t-BOC Tert-butyl carbonate 
TCA Trichloroacetic acid 
tCHDA Trans-1,4-cyclohexanediamine 
TEA Triethylamine 




Tg Glass transition temperature 
TGA Thermogravimetric analysis 
THF Tetrahydrofuran 
TLC Thin layer chromatography 
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